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Abstract

The analysis and modelling of magnetic anomalies at the conjugate rifted continental
margins of the southern Iberia Abyssal Plain (IAP) and Newfoundland Basin have revealed
that ,the sources of magnetic anomalies are distinctly different across both each margin and
between the two margins.

Analyses of synthetic anomalies and gridded sea surface magnet'ic anomaly charts
west of Iberia and east of Newfoundland were accomplished by the methods of Euler
deconvolution, forward and inverse modelling of the power spectrum, reduction-to-the-pole,
and forward and inverse indirect methods. In addition, three near-bottom magnetometer
profiles were analysed by the same methods in addition to the application of componental
magnetometry. The results have revealed that oceanic crust, transitional basement and thinned
continental crust are defined by magnetic sources with different characteristics.

"Over oceanic crust, magnetic sources are present as lava-flow-like bodies whose
depths coincide with the top of acoustic basement seen on MCS profiles. Top-basement
source depths are consistent with those determined in two other regions of oceanic crust. In
the southern IAP, oceanic crust, ~4 km thick with magnetizations up to £1.5 A/m, generated
by organized seafloor spreading was first accreted ~126 Ma at the position of a N-S oriented
segmented basement peridotite ridge. To the west, seafloor spreading anomalies can be
modelled at spreading rates of 10 mm/yr or more. Immediately to the east, in a zone ~10-20
km in width, I identify seafloor spreading anomalies which can only be modelled assuming
variable spreading rates.

In the OCT, sources of magnetic anomalies are present at the top of basement and up
to ~6 km beneath. I interpret the uppermost source as serpentinized peridotite, and the
lowermost source as intruded gabbroic bodies which were impeded, whilst rising upwards, by
- the lower density serpentinized peridotites. Intrusion was accompanied by tectonism and a
gradual change in conditions from rifting to seafloor spreading as the North Atlantic rift
propagated northwards in Early Cretaceous times.

Within thinned continental crust, sources are poorly lineated, and distributed in depth.
Scaling relationships of susceptibility are consistent with the sources of magnetic anomalies
within continental crust. OCT-type intrusions may be present in the mantle beneath
continental crust.

At the conjugate Newfoundland margin, seafloor spreading anomalies can be
modelled at rates of 8 and 10 mm/yr suggesting an onset age consistent with that of the IAP.
In the OCT there, I propose that magnetic anomalies are sourced in near top-basement
serpentinized peridotites. An absence of magmatic material and the differences in basement

character (with the IAP) suggest that conjugate margin evolution may have been asymmetric.
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Introduction

Chapter One

Introduction

Rifted continental margins mark the juxtaposition of continental and oceanic lithosphere
within a plate interior. They are the product of a) successful lithospheric rupture within an
intracontinental rift zone followed by b) continental separation accomplished by the process of
seafloor spreading (Hess, 1962). The primary aim of this thesis is to better understand how these
processes have contributed to the formation of the West Iberia rifted continental margin and its
conjugate margin adjacent to the Grand Banks of Newfoundland. The means of achieving this aim
comes from the detailed analysis and interpretation of the local magnetic field in and around these
two regions by the application of traditional and new magnetic techniques.

In this short chapter, sections 1.1 and 1.2 introduce the general features and processes
responsible for the formation of rifted continental margins and oceanic crust in general. Section 1.3
introduces some aspects concerning the geomagnetic field, section 1.4 concerns itself with aspects
of magnetic field measurement and analysis, whilst in section 1.5 I present a very brief review of

the sources of near-surface magnetic anomalies.
1.1 Lithospheric rupture and the formation of rifted continental margins

Continental rifting is a geological process dominated by tectonism. Magmatism contributes
to a greater or lesser degree depending on various characteristics of the lithosphere and underlying
asthenosphere at the position and time of rifting. Typically, modern rift zones are areas marked by
abundant normal faulting, shallow earthquake activity, varying degrees of volcanism, and usually
high topographic relief, such as the East African rift system and the Baikal rift of central former
USSR. A simple definition of a continental rift, modified from that of Burke (1977), is given by
Olsen and Morgan (1995) and is defined as “an elongate tectonic depression associated with which
the entire lithosphere has been modified in extension”. This does not necessarily imply that
deformation is uniformly vertically distributed, as in the model of Wernicke (1985) for example,
but it does rule out small extensional features in which only the upper part of the lithosphere is in

extension. The definition also implicitly includes the transient thermal and permanent structural
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and compositional alterations made to the lithosphere during the extensional process. Based on this
definition, continental rifts can be further classified into modern rifts and palaeorifts. Modern rifts
have active extension-related tectonic and/or magmatic activity, and/or have a transient thermal
phenomena, such as high heat flow, thermal uplift or low mantle seismic velocities (Ramberg and
Morgan, 1984). Examples include the East African rift system, the European Cenozoic rift system,
the Baikal rift system and the Rio Grande rift. Palaeorifts are tectonically and magmatically
inactive with no transient thermal phenomena (Neumann and Ramberg, 1978; Ramberg and
Morgan, 1984). Examples include the Oslo rift, the West and Central African rift system, the USA
Mid-continent rift system and conjugate rifted continental margin pairs whose ages exceed the 60
Ma time constant for thermal relaxation of the lithosphere.

The initiation of the rifting process, and the origin of the tensional stresses, have been the
subject of much debate for over two decades. The uncertainty as to whether rifts are either active
or passive features, in general, or in specific cases, has been addressed by many authors (e.g.
Sengor and Burke, 1978; Illies, 1981; Spohn and Schubert, 1982; Buck, 1986). So-called active
rifting is driven by the convection of hot asthenospheric mantle which upwells onto the base of the
continental lithosphere causing plate thinning and plateau uplift. A mantle plume is an example of
the cause of such rifting. Passive rifting is driven by far field tensional forces that cause
lithospheric plate extension and necking whereby asthenospheric mantle flows upward to
accommodate the potential void. Such tensional forces may be created within, or behind, collision
zones (Lesne et al., 1998), for example. Theoretically, it should be possible to distinguish between
models on the basis of relative timing of volcanism, uplift and extension but field observations
suggest these models are too simplistic. It seems that the mechanisms of active and passive rifting
are likely to be extremes in a continuous spectrum of processes. Regardless of the mechanism for
rifting, asthenospheric upwelling is a fundamental process in the formation of a continental rift
(Basaltic Volcanism Study Project, 1981). Moreover, the fact that either mechanism (of passive
and active rifting) is only responsible for the initiation of rifting suggests that once underway
subsequent development of the rift is complicated by the interaction of other processes.

The degree of magmatism in the rifting process is of prime importance here. If continental
rifting continues until lithospheric rupture occurs and oceanic accretionary crust is formed, then the
resultant rifted margin can broadly be classed as either volcanic or non-volcanic (Fig. 1.1). Rifted
margins associated with high degrees of magmatism are called volcanic continental margins,

whereas rifted margins associated with very low degrees or no magmatism are called non-volcanic
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40w 20W

Figure 1.1 Distribution of volcanic (dark grey) and non-volcanic (light grey) continental margins
in the North Atlantic. UEC=US East Coast margin, Wi=West Iberia margin, NF=Newfoundland
margin, GS=Goban Spur, NBB=Northern Bay of Biscay margin, FC=Flemish Cap, HB=Hatton
Bank, SWG=Southwest Greenland margin, LB=Labrador margin, EG=East Greenland margin,
LF=Lofoten margin.

margins. Typical features of volcanic margins are seaward dipping lava flow sequences at or in the
uppermost continental and oceanic crust, and magmatic material underplated at the base of the
crust and/or intruded into the lower crust. Non-volcanic margins are generally characterized by
tilted and rotated continental fault blocks with little sign of intrusive or extrusive igneous activity.
Such fault blocks may exist at volcanic margins, although they are masked by thick lava flow and
intrusive bodies making them almost impossible to image on seismic reflection profiles. Hatton
Bank and Goban Spur margins are used as examples of volcanic and non-volcanic end members,
respectively (Fig. 1.2).

With this simple bipolar classification scheme came explanations and models of formation
of the two types of margins. Bott (1995) suggested that if rifting resulted in lithospheric rupture
and the formation of an ocean basin, the process of active rifting would give rise to the formation

of volcanic type margins, whereas the process of passive rifting would give rise to the formation of
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non-volcanic margins. Furthermore, the emplacement of large volumes of melt derived products is
commonly attributed to steadyz state mantle plume activity (e.g., White, 1989; Whipe and
McKenzie, 1989; Duncan and Richards, 1991; Larson, 1991). Examples of such margins are the
Hatton Bank, Southeast Greenland, and Lofoten margins, all of which were formed by the
interaction of the Iceland plume with the base of the lithosphere. Although mantle plume activity
might often explain the presence of large amounts of igneous material at volcanic margins, it is not
a necessary condition. Along the US East Coast margin, a 20-25 km thick igneous crustal section,
60 km wide and 2000 km long, is thought to be present. However, there is an absence of any
independent evidence to suggest a mantle plume was responsible for its formation (Holbrook and
Keleman, 1993; Talwani et al., 1995). A relatively long-lived mantle plume would leave a track of
anomalously thick oceanic crust in the form of an aseismic ridge as the plate moved over the
plume, as exemplified by the association of the Rio Grande Rise and Walvis Ridge with the Tristan
da Cunha hotspot. This phenomenon is not seen along any part of the US East Coast margin.
Possible explanations for the large volume of magmatic products include lateral plume-derived melt
migration, ‘hot blobs’ (Holbrook and Keleman, 1993), secondary convection (Mutter et al., 1988;
Zehnder et al., 1990; Vogt, 1991; Hopper et al., 1992), and broad upper mantle generated thermal
anomalies (Gurnis, 1988; Anderson et al,, 1992). Although two archetypal end members exist,
many margins show features common to both margin types. This suggests that there exists a
continuum of processes responsible for the formation of rifted continental margins in general.
However, it is believed that the West Iberia margin sits very firmly at the non-volcanic end of the
spectrum because of the lack of evidence of melt[derived products (e.g. Whitmarsh et al., 1990;
Pinheiro et al., 1992; Sibuet, 1992; Whitmarsh et al., 1993; Whitmarsh and Miles, 1995; Pickup et
al., 1996; Whitmarsh and Sawyer, 1996).

The degree of volcanism is highly dependent upon the duration of rifting, the amount of
extension ([3), the initial lithospheric (mechanical boundary layer) thickness, and hence the depth of
onset of melting, and the potential temperature of the underlying asthenospheric mantle (Foucher et
al., 1982; Furlong and Fountain, 1986; McKenzie and Bickle, 1988; Pedersen and Ro, 1992;
Bown and White, 1995). The model of Bown and White (1995) has been used to calculate actual
thicknesses of melt produced under certain assumptions; continental lithosphere, 125 km thick
overlying an asthenosphere with potential temperature of 1400 °C, is allowed to thin by pure shear
extension (McKenzie, 1978) so that the asthenosphere-lithosphere boundary moves vertically

upwards through time. As a volume of asthenospheric material ascends, it decompresses and its
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Figure 1.2 Cross sections showing the typical structure through (a) the Hatton Bank continental
margin (from White et al., 1987b; Morgan et al., 1989), an example of a volcanic margin and (b)

the Goban Spur continental margin (from Horsefield et al., 1994, after White, 1992), an example

of a non-volcanic margin.
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associated pertubated geotherm may intersect the solidus of the mantle material, which is generally
assumed to be anhydrous lherzolite (McKenzie and Bickle, 1988). This method of melt generation
is known as adiabatic decompression melting. The rate of extension plays a particularly important
role because of time dependent conductive cooling effects. At low extension rates the effect of
conductive cooling is significant as heat is lost vertically and horizontally thus reducing the amount
of melt generated (Fig. 1.3). It is important to note here that an asthenospheric potential
temperature of 1400°C represents a situation in which the mantle is hotter than normal (1280°C),
for example due to a mantle plume.

Based on the degree of magmatism at continental rift zones, Barberi et al. (1982) classified
rifts into low volcanicity rifts (LVRs) and high volcanicity rifts (HVRs). This classification system
has yet to be linked to those associated with active and passive rifting, or the formation of volcanic
and non-volcanic margins. LVRs are typified by low crustal extension rates, small volumes of
eruptives, discontinuous volcanism and predominantly alkalic magmas, with transitional types
becoming more abundant as the volume of eruptives increases. In contrast, HVRs are characterized
by higher crustal extension rates, more voluminous magmatic activity and predominantly mildly
alkalic basalts. Moreover, there is an apparent decrease in the alkalinity of erupted magmas with
time and spatially towards the rift axis (Baker, 1987). This may be explained in terms of increasing
degrees of partial melting in the ascending asthenospheric mantle (Baker et al., 1972) which is
related to increasing rates of crustal extension and mantle upwelling (Bown and White, 1995).
Wilson (1989) has suggested that the first rift Zrelated melt products are derived from the
subcontinental lithosphere' and MORB-source asthenospheric mantle only becomes extensively
involved in the most actively extending rifts at later stages of the rifting process. In other words,
this model implies a temporal progression from early lithosphere-dominated magma sources to later
asthenosphere-dominated sources, in a passive type rifting scenario. Lavecchia and Stoppa (1996)
confirm, from field observations, that a model of this kind may exist. White and McKenzie (1989)
have suggested, from seismic velocity measurements and independent evidence (Clarke, 1970), that
the large volume of underplated igneous material at volcanic margins has higher than normal MgO
concentrations. The associated theoretically calculated seismic velocity perturbations are in
agreement with those observed. The increase in MgO concentrations would result in a density

increase. For this reason much of the volume of magma is underplated beneath the continental crust

! Here subcontinental lithosphere means thermal boundary layer (TBL). The geochemist’s definition of
lithosphere, unlike the seismologist’s, does not include the TBL. The seismologist’s definition is used
throughout this thesis unless clearly stated otherwise. :



Introduction

20

>3

T
u

3

Deplh, km

Average Mall Thickness, km

Figure 1.3 (a) Temperature distribution with depth, at 1.5 Ma increments, during a rifting phase of 15 Ma
in which continental lithosphere initially 125 km thick and in thermal equilibrium with the asthenosphere at
1400°C is extended by a beta value of 5. Heat loss by conduction is assumed. Solidus of dry lherzolite
from McKenzie and Bickie (1988). (b) Average melt thickness at the end of rifting versus rift duration, for

asthenospheric potential temperatures of 1400°C, 1350°C and 1300°C, and initial rift haif-widths of 25 km

and 50 km (labelled solid lines) with heat conduction, and without heat conduction {dashed line).

Stretching factor (B) varies linearly from the centre of the rift (B=3) to the rift edges (B=1). Average melt

thickness per unit length along the rift is equal to the total volume of meit divided by rift width. From Bown

and White (1995).

due to a lack of relative buoyancy. Cox (1980) has suggested that such picritic (high MgO) magma.
ponds, at depths of 25-40 km in the crust, may be potential feeders to the flood basalts.

The crustal section within a rift zone may be weakened by the thermal effects of a rapidly
n'sing-asthenosphere and/or the intrusion of magmatic bodies and the passage of melt. Although
rheology is of major significance to the deformational behaviour of the” lithosphere and the
understanding of the rifting process (Bassi, 1995), its exact role in ﬁlr’tﬁe'r tectonic extension is not
fully understood. principally because of its non-linear dependence oﬁ tgmperature. Numerical
modeling is not yet capable of simulating fully the effects of magma within the lithosphere during

rifting (Harry and Sawyer, 1992; Tett and Sawyer, 1996) although Bassi et al. (1993) include the
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effects of the changing geotherm. Nevertheless, qualitatively it is fair to reason that such igneous
bodies weaken the crust. This process is likely to contribute greatly to the rupture of continental
lithosphere and the onset of steady state seafloor spreading. This occurs when the amount of
crustal extension approaches infinity and the asthenosphere has become shallow enough to accrete

new oceanic crust. The tectonic models of continental rifting will be discussed in Chapter 7.

1.2 The Formation of Oceanic Crust

Oceanic lithosphere is generated as a consequence of the partial melting of upper mantle
asthenospheric lherzolites by adiabatic decompression in a narrow zone of upwelling. Partial
melting results in the formation of basaltic magma which leaks rapidly upwards by buoyancy
driven porous flow into a narrow zone at the rift axis. McKenzie and Bickle (1988) have shown
that anhydrous lherzolite begins to melt at ~50 km depth, and that partial mantle melting does not
exceed 24%. If the magma reaches the surface, volcanism occurs, often in the form of pillow lavas,
but much of the magma cools at depth, as dyke-like, sill-like, layered or massive intrusions, to form
an oceanic crustal section. Petrologically, the igneous crustal section is described as being MORB
(Mid-Ocean Ridge Basalt) in origin, essentially olivine tholeiite, and represents an incredibly
uniform magma type in terms of their major element geochemistry.

Present day mid-ocean:ridge systems can be classified based on the rate of separation of
the two tectonic plates. Seafloor spreading at rates” of less than 10 mm/yr 1s classed as ultra-slow,
between 10 and 35 mm/yr classed as slow, between 35 and 50 mm/yr as intermediate and greater
than 50 mm/yr as fast. Slow spreading ridges characteristically have a distinct 2-4 km deep median
valley depression up to 30 km wide, often fault bounded, with discontinuous spreading centres in
the form of volcanic edifices along the axis (e.g. Brown and Karson, 1988). The axis is offset
along its length by transform faults and non-transform offsets to form segments which have an
along-axis depth profile that deepens towards the segment ends. Earthquake activity is almost
continuous spatially (Solomon et al., 1988) and source mechanisms suggest faults can extend to 10
(15) km depth into the upper mantle for spreading rates of 10 (2) mm/yr . The Mid-Atlantic Ridge
is the archetypal slow spreading ridge. The overall geometry and morphology of slow spreading
ridges resembles some continental rifts, therefore highlighting the partially analogous oceanic and

continental rift systems to be discussed. Ultra-slow spreading ridges have similar features but these

2 Throughout this thesis seafloor spreading rates refer to half-rates.
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features are often accentuated (e.g. Gakkel Ridge, Coakley and Cochran, 1998). Fast spreading
ridges, in contrast, have much longer and more continuous segments, with an axial volcanic high
rather than a fault bounded median valley. Earthquake activity is low (Solomon et al., 1988) and
volcanic activity is abundant and spatially and temporally (on geological timescales) near
continuous. The role of magmatism is much greater at fast spreading ridges whereas the role of
mechanical deformation is much greater at slow spreading ridges (Mutter and Karson, 1993). In
fact there is a continuum between ultra-slow and fast end members, in that properties and
processes vary continuously between.

In contrast to the diversity of axial morphology, White et al. (1992) have shown from
seismic refraction experiments and inversion of rare earth element concentrations that crustal
thickness is relatively constant for spreading rates above 10 mm/yr, but decreases significantly at
lower spreading rates. A mean crustal thickness of 7.1 £ 0.8 km was determined from seismic
refraction experiments, whereas rare earth element inversions suggest 8.3 = 1.5 km. Melt retained
by the source, perhaps of 1%, or systematic errors in the assumed mantle rare earth element
concentrations would account for the mis-fit of thicknesses determined from each method
(McKenzie and O’Nions, 1991). Thin crust accreted at ultra-slow spreading rates is probably a
result of conductive heat loss from the mantle that causes a reduction in the amount of melt
generated by decompression melting (Reid and Jackson, 1981). Likewise, thin oceanic crust
adjacent to non-volcanic continental margins is probably caused by the same process of conductive
heat loss, in this case as the mantle cools under slowly stretching continental crust (White, 1992).
This is the same mechanism by which Bown and White (1995) suggested the amount of melt was
suppressed under continental rift zones (section 1.1).

The models discussed above do not take fully into account the contribution of tectonic
processes. Melt generation and heat loss calculations of Bown and White (1995) assume pure
shear extension of the whole lithosphere in response to extensional forces (McKenzie, 1978).
However, it has been shown that continental extension may be non-uniform with depth (Bassi et
al., 1993) as might be the case with oceanic extension. If rotation of crustal blocks occurs after
accretion of oceanic crust then a reduction in crustal thickness can be apparent (Srivastava and
Keen, 1995). At the extinct Labrador Sea spreading centre, Louden et al. (1996) suggest a
discontinuous process whereby the space generated by plate separation is not matched by the drop
in the instantaneous rate of melt supply caused by the gradual decrease in spreading before its

cessation and relocation to the NE Atlantic (see section 2.2). An accretionary phase in which
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normal thickness oceanic crust is generated is followed by a tectonic phase which causes block
rotation, and thinning. Rubin and Pollard (1988) and Rubin (1992) have shown from seismic and
geodetic monitoring on Iceland and in the Afar rift that dyke intrusion triggers surface faulting, and
not vice versa. Moreover, Chadwick and Emblely (1998) have shown that this association occurs
at submarine accretionary axes.

The closely linked magmatic and tectonic processes that occur at the present day mid-
ocean ridge systems once occurred immediately adjacent to all rifted continental margins in their
respective ocean basins. The degree to which the processes observed at present operated in the past
is of particular interest to the subject of this thesis. In particular, the processes occurring at ultra-
slow spreading ridges have significance for two reasons: (1) the ocean-continent transition zone in
the southern Iberia Abyssal Plain (IAP) west of Iberia has been hypothesized to be the product of
ultraslow seafloor spreading (Sawyer, 1994; Whitmarsh and Sawyer, 1996); (2) the process of
formation of initial oceanic crust adjacent to non-volcanic margins has been likened to that of the

formation of ultra-slow spreading oceanic crust (White et al., 1992).

1.3 The Earth’s magnetic field

The study of the Earth’s magnetic field is of prime importance to solid Earth, particularly
marine, geophysical research. Not only does the study of the field itself provide information
concerning the processes occurring in the Earth’s deep interior, but it can also be used as a tool to
study geological processes that once occurred much nearer to the Earth’s surface. The nature of the
field is discussed briefly here.

In geophysics, magnetic induction (or magnetic flux density) is loosely called magnetic
field (strictly speaking the magnetic field gives rise to the magnetic induction). Throughout this
thesis magnetic field is used in place of magnetic induction. The S.I. unit of magnetic field is the
Tesla (T), the practical unit being the nanoTesla (nT). The magnetic moment, of a small current
loop of area 8A and current I, is defined to have magnitude I8A and a direction perpendicular to
the loop, with a sense defined by the right hand corkscrew rule. The units of magnetic moment are
Am’. Magnetization is defined as the magnetic moment per unit volume and has units of A/m. It is

the vector sum of the induced and permanent magnetizations thus,
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g + B (1.1)
TR

where, J is the total, or effective magnetization, J ’ is the permanent, or remanent magnetization,
k is the susceptibility, B is the Earth’s magnetic field vector, L, is the permeability of free space,
and [ is the relative permeability. The permeability of free space is 41 x 107 H/m, and the

relative permeability is assumed, in geophysics, to be unity for common rocks and minerals. The
second term on the right hand side of equation (1.1) is the induced magnetization term. Magnetic
susceptibility is a dimensionless measure of the degree to which a rock or mineral can be
magnetized by an external field. Rock magnetization is discussed in section 1.5.

Measurement of the field is dealt with in section 1.4. Magnetic field, like magnetic moment
and magnetization, is a vector quantity which varies in magnitude and direction spatially over the
surface of the Earth and with depth, and also with time. At any point it can therefore be described
by three orthogonal components, or a magnitude, inclination and declination.

Four major components contribute to the Earth’s magnetic field: (1) the dipole field,
originating within the outer core at depths greater than 3000 km; (2) the non-dipole field, also
originating in the outer core, contributing 5-10% of the overall field; (3) near surface (less than
~40 km depth) anomalous magnetic bodies; (4) and short period, such as diurnal, variations which
are of external origin but induce an internal magnetic field in the Earth’s outer layer. Often
considered as a separate component, secular variations of the dipole and non-dipole field also
contribute to the magnetic field. The dipole and non-dipole fields, and their secular variations,
collectively called the main geomagnetic field, produce long wavelength signals which can be
predicted based on theoretical models. The secular variation of the field is the continual fluctuation
of the Earth’s magnetic field, in magnitude and direction, with periodicities of decades to millennia.
This reference field, known as the International Geomagnetic Reference Field is updated and
published every five years corresponding to the newly defined model for successive five year
epochs. The IGRF is a series of mathematical models representing the main magnetic field,
whereby each model comprises a set of Gaussian spherical harmonic coefficients in a series
expansion of the geomagnetic potential. By measuring the components of the field over the surface
of the Earth, these coefficients can be calculated for the past and extrapolated five years into the
future. Previous models of the IGRF are updated once actual observations have been made, and

this field is called the Definitive Geomagnetic Reference Field (DGRF). For example, the IGRF
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now consists of a new set of IGRF models at five year epochs from 1900 to 1940, the existing
DGRF models at five year epochs from 1945 to 1985, a new DGRF 1990 model that replaces the
IGRF 1990, and a new IGRF 1995 model that includes secular variation terms from 1995 to the
year 2000 (IAGA, 1996). Errors of the order of 250 nT, calculated from the uncertainties in the
IGREF coefficients, are typical.

The Earth’s magnetic field is non-constant in magnitude and direction over time scales as
short as hours and as long as millions of years. Disregarding diurnal and secular variations, it
frequently changes its polarity over durations commonly thousands of years. Cox and Dalrymple
(1967) suggested the reversal process takes place over 5000 years whilst Ninkovich et al. (1966)
suggested a duration of about 1000 years; either way the duration is instantaneous in geological
terms. The field can remain in a mono-polarity state for as short as 20,000 years or as long as 60
My (Irving and parry, 1963; Mankinen and Dalrymple, 1979). Periods of time where the field is
predominantly one polarity, lasting of the order of 1 My, are called magnetic polarity epochs or
chrons, whereas shorter intervals, of the order of 0.1 My, are called events or subchrons. The

reversal timescale is dealt with in more detail in section 2.1.

1.4 Marine Magnetic Methods

The objectives of this short sub-section are to highlight the main magnetic acquisition,
processing and interpretational methods and techniques used or mentioned in this thesis.

For many centuries the use of the geomagnetic field as a tool for iron-ore prospecting has
proven successful because of the relative ease with which measurements can be made and simple
interpretations applied. This systematic utilization of one of the Earth’s physical properties lead to
the development of the method within the field of marine geophysics. Its main triumph has been in
the identification of marine magnetic anomalies and the development of the Vine-Matthews
hypothesis (Vine and Matthews, 1963). Together with the then recent discovery concerning the
reversals of the Earth’s field (Irving and Parry, 1963) the discovery of ‘seafloor stripes’ proved to
be the most supportive piece of evidence for the proposed theory of seafloor spreading (Hess,
1962).

In an ideal situation, the local magnetic field, or the magnetic anomaly representing
perturbations in the magnetic structure at crustal and uppermost mantle levels, is simply the

observed field minus the geomagnetic reference field (IGRF; IAGA, 1996). However, in practice
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the computation of absolute magnetic anomalies is more complex.

Total field proton precession magnetometers are commonly used in airborne and shipborne
measurements due to their operational simplicity, reliability of the sensors, ability to measure the
absolute field with a high degree of accuracy, and the non-requirement of an oriented sensor. They
record absolute total magnetic field intensity, providing the circuit parameters in the magnetometer
electronics are stable and known, with measurement accuracies of 0.1 to 0.5 nT and have
sensitivities of typically 0.1 nT (e.g. Belyaev and Filin, 1995). They do not suffer from instrument
drift. In contrast, fluxgate magnetometers are able to measure individual directional components of
the geomagnetic field by measuring the field component directed along the magnetic axis of the
sensor. Calibration of the magnetometer is required to define and remove ‘zero-offsets’ (apparent
magnetic field measurement when the sensor is located in zero field), and also to calculate
misalignments between the sensor’s magnetic axis and its geometric axis. In practice, three
fluxgate magnetometers are arranged orthogonally, for example north, east and vertically down.
This type of geometry allows additional magnetic field information to be recorded. Not only can
total field intensity, and therefore total anomaly field, be calculated from the three orthogonal
components, but the three orthogonal anomaly field components can also be calculated providing
the directional IGRF values are known.

The practical aspects of retrieving the local anomaly field from marine magnetic
observations are further complicated by a non-stationary observation platform and magnetic effects
of the platform. Moreover, the magnetic effects of the platform can be divided into a contribution
from its permanent magnetization, and one from its induced magnetization, the latter also being a
function of platform attitude. A typical survey involves towing a proton precession magnetometer
usually 100-150 m astern of a ship. Even at such distances, the magnetic field of the ship is non-
zero . Bullard and Mason (1961) developed a formula for the disturbance of the magnetic field as a
function of ship heading and distance astern due to the proximity of the ship to the magnetometer.
In a similar fashion, Isezaki (1986) developed a system for removing the magnetic effects of the
ship which are a function of the ship’s yaw, pitch and roll, from shipborne three-component
magnetometer readings. The same principles can be applied to any orthogonal three component
data providing accurate attitude data are logged simultaneously (see Appendix I).

Marine magnetic observations can also be made much nearer to the source by attaching
magnetometers to deep-towed instruments and towing along track near to the seabed (e.g., Klitgord

et al., 1975; Miller et al., 1985; Tivey and Johnson, 1987; Searle et al., 1998; Fig. 1.7). If the
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assumption that the basic magnetic body is dipolar is correct, then the amplitude of a given
magnetic anomaly depends on the square of the depth. For example, if magnetic basement were to
lie 3 km below the seabed which is 5 km below the sea surface, then observations at the seabed
would be approximatély 7 times larger in amplitude than those at the sea surface. Similarly, if
basement were only 1 km below the seabed in the same water depth then the seabed observations
would be 36 times larger in amplitude than those at the sea surface. The close proximity of near
bottom observations to the source makes some anomalies that are perhaps undetectable at the sea
surface detectable at near bottom depths (Fig. 1.8). In addition, shorter wavelength features can be
resolved although random spatial noise may be introduced (McKenzie and Sclater, 1971). Part of
the work in this thesis concerns itself with the processing and interpretation of near bottom triaxial
fluxgate magnetometer observations in the Iberia Abyssal Plain. In appendix I an account of a
three-component magnetometer correction procedure is given. This method is then extended to the
near bottom observations in the southern Iberia Abyssal Plain.

In broad terms, there are three main quantitative approaches, besides qualitative
approaches, to the interpretation of potential field anomalies. Techniques used on the magnetic
field can also be used on the gravity field since both satisfy Laplace’s equation. Firstly, parametric
methods are used to fit simple geometric shapes and place limits on bodies. As suggested by the
name the method determines the parameters of a given magnetic body. Most methods assume that
the anomaly is generated by a simple shape, for example a sphere or a dyke. The shape of the
anomaly gives an approximate depth to the top or centre of the body (e.g. Peters 1949). In a similar
way, Smith (1959) formulated rules for the maximum depth to a body. However, all parametric
methods rely on assumptions that are often highly unlikely, such as specific length to width ratios,
shapes, magnetizations or densities. In addition, the method is only applicable to individual
anomalies. Overlapping (interfering) anomalies cause most parametric methods to fail. In general,
the method is only used in very simple scenarios to make a very approximate interpretation, for
example, in gravity, over an isolated near spherical salt dome, or in magnetics to study an isolated
dyke.

The second group of interpretational methods is classed as indirect methods and in general
involve either the solution of the forward or inverse problem based on a number of assumptions.
The forward problem, executed in either the space domain (e.g. Coggan, 1976; Kunaratnam, 1981)
or the wavenumber domain (e.g. Schouten and McAmy, 1972; Parker, 1973), is the conventional

way in which theoretical fields are calculated and then compared with observed fields to assess the
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Figure 1.4 Geometry of a near-bottom geophysical experiment as exemplified by IFREMER's

System Acoustique Remorque (SAR). Three orthcgonal fluxgate magnetometers are mounted

externally on the vehicle to minimize the effects of electrical noise generated by the SAR's

circuitry. The vehicle is towed at near constant altitude above the seabed either by altering the

length of tow cable out or by changing the ship speed. Noise derived from the motion of the ship

is damped by the use of an umbilical between the depressor weight and the ship. The SAR is also

capable of towing a seismic streamer (from Minshuil, 1995).

degree of match. The method is not restricted to isolated, geometrically simple magnetic

bodies, but

can operate on any number of bodies of arbitrary shape. It is therefore far superior to the

parametric approach. Although this method suffers from inherent non-uniqueness it is by far the

most common means of interpreting magnetic anomalies because of its relative ease of application.

In contrast, the solution of the inverse problem is not such a simple procedure and is therefore used

to a lesser extent. Its application in magnetics has almost exclusively involved the solution of a

magnetization distribution for a given set of assumptions. T
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Figure 1.5 Theoretical effect of depth to source (1, 2, 4 and 8 km below
observation level) on magnetic anomaly amplitude. Two-dimensional magnetic
anomaly calculated along a N-S profile over a 0.5 km square magnetic body
with an effective magnetization of 4 A/m. A source at 8 km depth is barely
detected at the surface. In contrast, the same source at 1 km depth produces
an anomaly with peak-to-trough amplitude in excess of 300 nT.

For example, Parker and Huestis (1974) have developed a procedure for calculating a
magnetization magnitude distribution in the wavenumber domain, providing assumptions are made
about the magnetization direction and the layer thickness, which must be constant. Alternatively, a
method for calculating layer thickness was proposed by Louvel et al. (1997) whereby assumptions
about the magnetization must be made. In general, the indirect method is based on assumptions.
Chapter 3 is dedicated to testing the validity of the indirect method and the significance of the
assumptions with reference to magnetic anomalies west of Iberia.

The third group of interpretational methods are called direct methods. Unlike indirect
methods, they make no or very few assumptions, especially concerning the geological and
geophysical properties sought after. For this reason they provide a very objective starting point of
analysis, although, as will be shown, the interpretation of results must be approached with caution
(see Chapter 4). However, direct methods generally allow ‘ball park’ estimates concerning the

unknown geophysical quantities to be made. Specific operations include spectral analysis, Euler
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deconvolution, upward and downward continuation and reduction-to-the-pole. Also included are
the methods used in componental magnetometry. The results of the direct method are tested by
application of forward modelling.

In general, the procedures used in magnetic interpretation are similar to those used in
gravimetric interpretation. However, there are important contrasts which are outlined below.
Density is a scalar quantity and therefore gravity anomalies are relatively more easily related to
their causative bodies. In contrast, the vector quantity of magnetization means anomalies do not
necessarily lie directly over their causative bodies. In addition, the Earth’s field direction varies
spatially and temporally and therefore introduces further complications. As a result, the indirect
method is much harder to apply to magnetic anomalies than to gravity anomalies.

Much of the work in this thesis involves quantitative interpretation of magnetic anomalies.
However, interpretation is made difficult since there is no unique solution to the magnetic problem.
Rock magnetization properties and spatial distribution cannot be determined from magnetic
anomalies alone. The use of complementary methods further reduces ambiguity but it must also be

noted that the resolution and target of each method differs.

1.5 Rock magnetization

The objectives of studying magnetic anomalies is to infer differences in characteristics of a
source from its surroundings. These characteristics fall into two categories; spatial and magnetic.
Spatial characteristics include position, shape, depth and thickness of the magnetic body, whilst
magnetic characteristics are defined by the magnetization magnitude and direction of the
component minerals making up the rock. Without magnetic characteristics a geological unit (e.g. a
dyke or lithological layer) is not a magnetic source body, regardless of its spatial character or other
physical properties (e.g. seismic velocity).

All minerals and native elements are magnetic to some extent. However, only minerals that
are ferrimagnetic are of importance in geophysics; those that are diamagpetic, paramagnetic or
antiferromagnetic have susceptibilities approximately less than 102 and are therefore below the
practical measurable level (at 40°N, magnetization [A/m] is approximately 35 times the
susceptibility; see equation 1.1). In contrast, the strongest magnetism, ferromagnetism, does not
occur in common minerals; only native metals acquire a ferromagnetism and are therefore of little

interest outside mineral prospecting. Most magnetic minerals possess ferrimagnetism and have
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susceptibilities up to ~15. The main magnetic minerals are the titanomagnetites (including
magnetite sensu strictu), pyrrotite and the ilmenite-haematite series. For most common rocks, rock
magnetism depends almost exclusively on the amount of titanomagnetite (sensu latu) present.

Magnetic minerals can posses an induced and/or a permanent (remanent or NRM)
component of magnetization. The magnitude of a mineral’s induced magnetization is governed by
its sﬁsceptibility and the magnitude and direction of the external field, which for the purposes here
is the Earth’s magnetic field (see second term on right of equation 1.1). A mineral’s induced
magnetization is therefore always parallel the Earth’s field. In contrast, a remanent magnetization
can be in any direction; the orientation of the Earth’s field at the time of NRM acquisition
determines the direction of magnetization. Of importance here are minerals possessing
thermoremanent magnetization (TRM), chemical remanent magnetization (CRM) and viscous
remanent magnetization (VRM), all of which aré types of natural remanent magnetization (NRM).
TRM is acquired when a mineral cools through its Curie temperature in the presence of an external
field. The Curie temperature of magnetite is 575°C, much lower than the temperature at which
minerals crystallize within cooling magma (~1100-800°C). Igneous rocks are the main carrier of
TRM. CRM is acquired by the chemical growth of magnetic mineral phases in the presence of an
external field, subsequent to their initial formation. Thus, CRM can be acquired at any
temperature. VRM is a type of NRM that is acquired slowly if a magnetic mineral is exposed to an
external field. The effective magnetization of a given rock unit is not only dependant on the amount
and type of magnetic minerals present, but also on the grain size of the magnetic minerals; in
general, for a given mineral, its magnetization increases with decreasing grain size.

In the context of marine magnetics, and in particular a magnetic study of an OCT, there
are essentially three scenarios in which magnetic anomalies are produced. Firstly, continental
crustal basement rocks are generally acidic metamorphic and meta-igneous rocks of varying grade.
Magnetite is present as the main magnetic mineral thronghout the crustal section above the Curie
isotherm (Frost and Shive, 1986) or the Moho (Wasilewiski et al., 1979), whichever is shallower,
although it generally possess no NRM and has low susceptibilities; the average induced
magnetization of the most magnetic samples is rarely greater than 1 A/m (Shive and Fountain,
1988) and susceptibilities commonly of 107 are encountered (Shive and Fountain, 1988; equivalent
to 0.35 A/m at 40°N). Secondly, although unaltered mantle peridotites are generally non-magnetic
(Wasilewiski et al., 1979), the process of serpentinization of ultramafics produces a considerable

amount of magnetite which can acquire a significant CRM, as well as carrying an induced
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Figure 1.6 (a) - .. and igneous structure of a typical layered oceanic crust.
(b) Corresponding vertical magnetization models of Kent et al. (1978; dashed
line) and Dunlop and Prevot (1982; solid line).

component of magnetization. Thirdly, mafic rocks, which make up the oceanic crustal section and
many intrusive bodies, do carry a significant NRM (>> induced component). Studies of oceanic
rock magnetic properties have led to many models of a layered magnetic crustal section, all of
which follow a general theme; here the models of Kent et al. (1978) and Dunlop and Prévot (1982)

are used as two examples of the magnetic structure within oceanic crust (Fig. 1.6).
1.6 General aims and outline of thesis

The primary aim of this thesis is to provide further constraints of the processes that
occurred during the formation of the West Iberia continental margin, and in particular the
formation of the ocean-continent transition zone in the southern Iberia Abyssal Plain (IAP). The

means by which I tackle this problem is via the analyses of the local magnetic field over and
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adjacent to the continental margin in the southern IAP. Gridded sea surface two-dimensional
magnetic intensity anomalies and three near-bottom magnetometer profiles, two of which recorded
" three orthogonal components of the magnetic field, are used for the analyses. In addition, depth to
acoustic basement on over 1500 line km of multichannel seismic profiles was interpreted and
gridded to provide necessary constraints on magnetic models. Further constraints were provided by
the rgasults of ODP Legs 149 and 173.

Subsidiary aims of this research are to successfully use standard and traditional magnetic
methods, which have previously been applied only sparingly at the West Iberia margin, and to
develop and quantify the use of alternative methods for magnetic analysis, which also have not
previously been used at the West Iberia margin, and rarely in marine magnetic problems. The
methods of forward and inverse modelling, traditionally used in marine magnetic problems, are
coupled with the methods of Euler deconvolution, spectral analyses and componental
magnetometry. The successful application of alternative methods shows that, potentially, the
methods can be used in ‘other geographical locations where good quality magnetic data are
available, such as the in the Tagus Abyssal Plain, which this thesis aims to encourage. In
particular, some of these methods have been applied to the local magnetic field at the conjugate

Newfoundland margin in order to provide further constraints on the rift-to-drift processes that

- resulted in the separation of Iberia and Newfoundland during the opening of the North Atlantic.

In this chapter I have introduced the geological, geophysical and geochemical problems
that face Earth scientists in the fields of continental rifting, seafloor spreading and the formation of
continental margins. In the next chapter I introduce the specific geological and geophysical
problems faced at the West Iberia margin, with emphasis of the role of magnetics, and also the
magnetic data that will be analysed in the following chapters. In Chapters 3 and 4 I introduce the
theoretical, methodological and interpretational aspects and problems which arise from the indirect
and direct magnetic methods, respectively. In these chapters, the methods are tested on theoretical
data to provide a means of determining whether the methods will prove successful when applied to
the observations.

In Chapter 5 I analyze the gridded sea surface magnetic anomaly chart west of Iberia in
order to determine whether significant differences in magnetic anomaly sources exist across the
margin. Interpretational analyses of the results of reduction-to-the-pole, spectral analysis and Euler
deconvolution provide constraints of the depths and trends of magnetic anomalies; it will be shown

that the sources of magnetic anomalies within continental crust, oceanic crust and the OCT have
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different characteristics. In Chapter 6, the different characteristics are interpreted, geologically, by
further analyses of the surface magnetic field by inverse methods and analyses of three high
resolution near-bottom magnetometer profiles. Multichannel seismic data and the results of ODP
drilling are used to constrain magnetic models. The location and timing of the onset of seafloor
spreading, and the geological nature of the sources of magnetic anomalies within the OCT are
addressed. Models for the origin of the magnetic anomalies are discussed with reference to the
results of other geological and geophysical studies.

In Chapter 7 I introduce the conjugate Newfoundland rifted margin and analyse gridded
magnetic anomalies in the same manner as was implemented in Chapters 5 and 6. A comparison of
the nature of magnetic sources at the two conjugate margins provides further constraint on models
of margin development. Finally, geological and geophysical results from the Red Sea rift, slow and
ultraslow seafloor spreading centres, and the non-volcanic southwest Greenland-Labrador

continental margins are discussed.
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Chapter Two

Formation of the West Iberia continental

margin during North Atlantic Opening

In this Chapter I introduce the reader to the general background behind the previously
proposed models of formation of the West Iberia continental margin within the context of the
North Atlantic rift system. I attempt to place strong emphasis on the use of magnetics to
further constrain models of margin development, although, until now, its use has been limited
to date. I also introduce the magnetic data that are used to provide further constraints on the

models of formation of the ocean-continent transition zone in the southern Iberia Abyssal Plain.

2.1 A note on time scales

‘ The absolute timing of geological events is of importance to the study of rifting and the
initiation of seafloor spreading during the development of a continental margin. For the purpose
of this study correlation of geomagnetic field polarity reversals, and therefore seafloor
spreading magnetic anomalies, with absolute ages requires a reliable time scale developed from
mégnetochronostratigraphic studies. In this thesis T use the timescale of Gradstein et al. (1995)
for the Mesozoic and that of Harland et al. (1990) for the Cenozoic.

Because magnetic anomalies, periods of constant magnetic polarity, and even regions
of the seafloor where rocks are normally or reversely maggetized, are often used to identify the
age of a geological event or rock type, I adopt a system of nomenclature, which is used
throughout this thesis, as follows. For clarity, periods of constant magnetic polarity (magnetic
anomaly chrons) are noted with a preceding ‘C’, whereas seafloor spreading magnetic
anomalies, corresponding to such periods, are labelled by a preceding ‘a’. Chrons of normal
polarity, and dominantly positive magnetic anomalies are also labelled with a succeeding ‘(N)’,
and chrons of reversed polarity and dominantly negative magnetic anomalies are labelled with a
succeeding ‘(R)’. Seafloor spreading ‘blocks’, i.e. regions of oceanic crust whose
magnetization direction is opposite to that of the adjacent oceanic crust, are labelled with a
* succeeding ‘(N)’ or ‘(R)’ only, to indicate whether the material is positively or negatively
magnetized. For example, consider the period 124.72-126.73 Ma. This chron is referred to as
CM3(R). During seafloor spreading the oceanic crustal block created during CM3(R) is
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labelled M3(R) and the dominantly negative magnetic anomaly caused by the magnetized block
is labelled aM3(R). Figure 2.1 shows the relevant section (Lower Cretaceous and Upper
Jurassic) of the magnetochronostratigraphic column that is used in this thesis, with labelled

chrons consistent with the system described above.

2.2 The North Atlantic propagating rift system

In Late Triassic-Early Jurassic times rifting took place between what are now the land
masses of Africa and Central and North America. It is believed that during the rifting period a
thermal anomaly within the mantle existed which gave rise to the large volume of underplated
magmatic material observed along the East Coast US margin (Holbrook and Keleman, 1993,
White and McKenzie, 1989). Seaward-dipping reflectors, interpreted as subaerial lava flows,
and a 20-25 km thick igneous section at the base of the continental crust, are interpreted to
extend for ~1000 km along the length of the margin and to make up as much as 3.2 million
cubic kilometers (Holbrook and Keleman, 1983; Klitgord et al., 1988). Such volumes of melt
cannot be explained by the decompression melting of asthenospheric mantle at potential
temperatures of ~1300°C. Although classed as a volcanic margin (Fig. 1.1) it is believed that
non-plume processes are responsible for the thick crust observed (section 1.1; Holbrook and
Keleman, 1983).

After the final stage of rifting, seafloor spreading adjacent to the East Coast US
margin commenced ~180 Ma (Emery and Uchupi, 1984), approximately 20-25 Ma after the
onset of rifting. The eventual rupture of continental lithosphere gave way to the formation of
accretionary crust as the North Atlantic Rift System propagated northwards. As a result, the
continental region to the north of what is now the Newfoundland Fracture Zone and the
Azores-Gibraltar Fracture Zone underwent a phase of rifting in the late Oxfordian/early
Kimmeridgian (~155 Ma; Srivastava et al., 1990b). A later phase of rifting, which began some
10 Ma after the first phase, led to the eventual breakup of Europe and North America and the
formation of the West Iberia and Newfoundland margins (Fig. 1.1). Seafloor spreading then
commenced progressively northwards offshore Iberia; adjacent to the Tagus Abyssal Plain at
133-134 Ma (CM11(R) time; Pinheiro et al., 1992; Whitmarsh and Miles, 1995), adjacent to
the Iberia Abyssal Plain at ~127-132 Ma (approximately CM3(R) time; Whitmarsh et al,
1990; Whitmarsh and Miles, 1995; Whitmarsh et al., 1996a), and adjacent to Galicia Bank at
118 Ma (during the Cretaceous Magnetic Quiet Zone, C34(N); Boillot et al., 1988a). In

contrast to the East Coast US margin, it is believed that little or no melt was produced during
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rifting between Iberia and Newfoundland, thus forming the so-called non-volcanic margins.

As the focus of continental rifting propagated further northward in the region north of
Iberia and south of what is now the Charlie Gibbs Fracture Zone, a triple junction developed
which created extension between the plates of Europe, North America and Iberia (Sibuet and
Srivastava, 1994). Eventually seafloor spreading began in the Bay of Biscay by eastward rift
propagation which caused Iberia to rotate (Srivastava et al., 1990a) resulting in the formation
of the northern and southern Bay of Biscay margins (Fig. 1.1). During this time (~85-121 Ma,
C34(N)) continental extension continued northwards on the northwestern arm of the triple
Junction under rifting conditions which led to the formation of the northern Flemish Cap,
Goban Spur and Porcupine non-volcanic continental margins in the Albian (99-112 Ma; Fig.
1.1; Roberts et al., 1981). At ~80 Ma seafloor spreading in the Bay of Biscay ceased (Verhoef
et al., 1986; Srivastava et al., 1990a and b; Sibuet and Collette, 1991) rendering the triple
junction inactive.

The ongoing northward propagation of the rift, which at present is represented by the
Mid-Atlantic Ridge, resulted in the formation of the Rockall Trough. However, shortly after
the formation of the Rockall Trough the focus of rifting shifted into the region which is now
occupied by the Labrador Sea (Chalmers et al., 1995). The exact timing at which this occurred
is still a subject of contention because magnetic anomaly identification earlier than CM27 is
ambiguous. Roest and Srivastava (1989) and Srivastava and Roest (1995) have identified
magnetic anomalies as old as anomaly a330(N), which corresponds to an age of ~83.5 Ma for
the initiation of seafloor spreading. However, there are some difficulties in identifying
anomalies a27(N) to a330(N), as noted by Keen et al. (1994), Chian and Louden (1994),
Chalmers and Laursen (1995) and Chian et al. (1995), for example. Regardless of the exact
timing, rifting and subsequent seafloor spreading in the Labrador Sea resulted in the formation
of the southwest Greenland and Labrador non-volcanic margins (Fig. 1.1). Although
considered non-volcanic in the south, there may be some evidence to suggest that syn-rift
volcanism did occur further north; seaward dipping reflectors at the southwest Greenland
margin, interpreted to be lava flows (Chalmers et al., 1995) and volcanics in Baffin Bay and
the Davies Strait (Hyndman, 1973, 1975) suggest that volcanism did accompany rifting.
However, White and McKenzie (1989) suggest that the effects of the (later) Iceland Plume
head may be responsible for these features. Nevertheless, many parallels can be drawn between
the West Iberia margin and the southwest Greenland and Labrador margins and a discussion is
left until Chapter 7.

At approximately anomaly 24 time (Early Eocene, 54.7-57.2 Ma) seafloor spreading

commenced in the northeast Atlantic creating the volcanic margins of Hatton Bank and East
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Greenland (Fig. 1.1; White and McKenzie, 1989). At the same time the production of oceanic
crust in the Labrador Sea diminished culminating in cessation in the Early Oligocene (~34
Ma). The active northeast Atlantic spreading centre then propagated northeastwards into the
Norwegian Sea resulting in the formation of the Lofoten margin (Fig. 1.1). The Hatton Bank,
East Greenland and Lofoten margins are all volcanic margins where large volumes of
magmatic material, created by the thermal anomaly of the Iceland Plume, have been extruded
and underplated. In the Late Oligocene-Early Miocene (10-27 Ma) the spreading axis shifted to
the northwest when the Jan Mayen Ridge, a continental fragment, broke away from east
Greenland (Talwani and Eldholm, 1977; Hinz and Schluter, 1978; Vogt et al., 1980; Myhre et
al., 1984). The rifting then continued northwards into the Greenland Sea and Arctic Ocean
where at present the Knipovitch Ridge and Gakkel Ridge are the active spreading centres. At
the very eastern end of the Gakkel Ridge, where spreading rates are < 4 mm/yr, a broad zone of
continental rifting is present on the Laptev Shelf which when traced south into Siberia
approaches the pole of opening and loses its identity as an extensional rift system (Grachev,
1982).

The identification of seafloor spreading marine magnetic anomalies has provided vital
insight into the timing of onset of seafloor spreading, and allowed the development of the
propagating rift model. Furthermore, the position of the North Atlantic seafloor spreading
anomalies, when correctly identified, have been used to create plate reconstructions at given
times in the geological past (e.g. Bullard et al., 1965; Masson and Miles, 1984; Klitgord and
Schouten, 1986; Srivastava and Tapscott, 1986; Srivastava et al., 1988a and b; Srivastava et
al., 1990a and b; Srivastava and Verhoef, 1992; Sibuet and Srivastava, 1994). Past plate
locations can therefore be predicted. Of importance here is the reconstruction made at the time
of the oldest identifiable seafloor spreading magnetic anomaly adjacent to the West Iberia
continental margin. One such reconstruction was made by Srivastava and Verhoef (1992) at
chron CMO(R) time (~121 Ma; Fig. 2.2; although CMO(R) has been shown to be younger than
the oldest identifiable seafloor spreading anomaly adjacent to the southern IAP; Fig. 2.3;
Whitmarsh et al., 1990; Whitmarsh and Miles, 1995; Whitmarsh et al., 1996a). Even with
estimates of continental stretching in sedimentary basins accounted for there are regions of
mismatch between West Iberia and Newfoundland. Although Galicia Bank and the southern
Flemish Cap are joined, a ~130 km gap is present between the margin in the southern Iberia
Abyssal Plain and its conjugate offshore Newfoundland. Although some of the gap can be
accounted for by the accretion of oceanic crust after and during CM3(R), there still exists a
gap in excess of 100 km. It is this region that is called the ocean-continent transition zone

{OCT) and its proposed origins to date are discussed below.
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Figure 2.2 Reconstruction of the North Central Atlantic at chron CMO(R) time (~121 Ma)
showing a simplified bathymetry on each plate, outlines of the sedimentary basins
(shaded) and their tectonic features (continuous lines) (from Srivastava and Verhoef,
1992). Plate motion directions and regions of overlap are shown by dashed lines and
dark stippled regions, respectively. JB=Jean d'Arc Basin; WB=Whale Basin;
HB=Horseshoe Basin; OB=Orphan Basin; FC=Flemish Cap; CSB=Celtic Sea Basin;
WAB=Westemn Approaches Basin; PB=Porcupine Basin; GLB=Galicia Bank; |GB=Inner
Galicia Basin; LB=Lusitanian Basin; CB=Cantabrian Basin; NNB=North Newfoundland
Basin; SNB= South Newfoundland Basin; |AP=Iberia Abyssal Plain; TAP=Tagus Abyssal Plain

2.3 The West Iberia continental margin

The continental margin offshore West Iberia extends approximately 800 km north to
south from Cape Finisterre to Cape Saint Vincent (Fig. 2.4). A consistently narrow continental
shelf-and a steep slope along most of its length describe a N—S trending and relatively straight
margin with a number of physiographic features that divide it into three sEg;nents'. In the north
between 41°N and 43°30'N, Galicia Bank, a marginal plateau, in 51:{_&;:; less’than 1 km below
sea level, is separated from the mainland of Iberia by the Galicia InterioraBasin. Galicia Bank
lies ~250 km offshore Iberia, a similar distance that the Flemish Cap, a structurally similar
feature at the conjugate Newfoundland margin (Fig. 1.1), lies from the Grand Banks of
Newfoundland. On the western flank of Galicia Bank, bathymetry increases into the northern
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Fig. 2.3 Magnetic (forward) models of Whitmarsh and Miles (1995) and- Whitmarsh et al.
(1996a) derived from sea surface and near-bottom magnetic mea's/urer‘nehts, respectively,
across the southern Iberia Abyssal Plain. (a) Ten 010° trending sea surfage 'magnetic anomaly
profiles (crosses in top and middle panels) and calculated anomaly (solid line) assuming a
spreading rate of 9 mm/yr (model in lower panel). (b), (c) and (d) Near-bottom magnetic
anomaly (crosses) along profile TOBI91 and calculated anomalies (solid lines) assuming a

seafloor spreading model at rates of 10 mm/yr west of peridotite ridge (PR) and (b) 4 mm/yr,

(c) 8 mm/yr, and (d) 8 mm/ry east of PR.

28



The North Atlantic Rift System

part of the Iberia Abyssal Plain where water depths of more than 5 km are encountered. Within
the region between Galicia Bank and the northern part of the Iberia Abyssal Plain lies the
ocean-continent transition zone whose western flank is thought to be bounded by two, of four,
northernmost segments, R1 and R2, of a basement peridotite ridge which in places subcrops at
the seafloor (Fig. 2.4; Boillot et al., 1988a and b, 1995; Beslier et al., 1993).

Along the southern edge of, and structurally continuous with, Galicia Bank are the
Vigo and Vasco da Gama seamounts. Immediately to the south of the seamounts lies the
southern part of the Iberia Abyssal Plain which is bounded to the east by Porto seamount and
the continental slope and to the south by Estremadura Spur and Tore seamount. Beneath the
southern Iberia Abyssal Plain, between 12°W and 13°W, lies the southward continuation of the
basement peridotite ridge, here represented as segments R3 and R4 (Beslier et al., 1993,
Pickup et al., 1996). In contrast to the margin off Galicia Bank, the width of the OCT is up to
~7 times greater; compared to a maximum distance of ~25 km off Galicia Bank (Whitmarsh et
al., 1996) OCT widths in the southern IAP have been estimated to be >40 km (Chian et al., in
press) and ~130-160 km (Pickup et al., 1996; Dean et al., submitted) at 40°40’N and 40°20°N,
respectively (Fig. 2.4). The nature of this OCT is presented later and is the subject of this
thesis.

South of the Iberia Abyssal Plain lies the Tagus Abyssal Plain, a sub-circular basin
which is bounded to the north by Estremadura Spur and Tore seamount, to the east by the
continental slope and to the south by Gorringe Bank. Beneath the Tagus Abyssal Plain lies the
third and most southerly segment of the West Iberia margin. Although relatively poorly
investigated, an OCT is believed to be pfesent between oceanic crust and continental crust,
which may be up to ~130 km wide (Fig. 2.4; Pinheiro et al., 1992).

In the following three subsections I present the nature of the OCT in the three segments
of the West Iberia margin, which exhibit both similar and different characteristics. The OCT is
strictly defined as the region between the most seaward, unambiguous continental crust and the

most landward unambiguous oceanic crust.
2.3.1 The OCT off Galicia Bank

The Galicia Bank section of the West Iberia margin has been intensively studied by
seismic reflection, seismic refraction and heat flow profiles (de Charpal et al., 1978; Hoffman

and Reston, 1992; Sibuet et al., 1987, 1995; Louden et al., 1989; Mauffret and Montadert,
1987, 1988; Montadert et al., 1979; Reston et al., 1995, 1996; Whitmarsh et al., 1996b),
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Figure 2.4 Bathymetric chart (500 m contours) west of Iberia showing the three
segments of the continental margin. White triangles denote the four segments (R1-R4)
of the peridotite ridge (Beslier et al., 1993; Pickup et al., 1996) and the dark shaded
areas show the extent of the OCTs (light shaded area is a possible extension of the
OCT in the Tagus Abyssal Plain). Black dots mark the positions of drill sites from
DSDP Legs 13 (site 120) and 47B (site 398) and ODP Legs 103 (sites 637-641), 149
(sites 897-901) and 173 (sites 1065, 1067-1070). S.IAP=southern Iberia Abyssal Plain;
VDG=Vasco da Gama seamount; VS=Vigo seamount; P=Porto seamount; T=Tore

seamount. Dashed box marks position of Figure 2.5.
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by dredging (Boillot et al., 1979; Dupeuple et al., 1976, 1987; Groupe Galice, 1979; Mauffret
and Montadert, 1987), by submersible dives (Boillot et al., 1988b, 1995; Mamet et al., 1991)
and by drilling (Boillot et al., 1988a). Mantle rocks were sampled at the Galicia margin thus
first demonstrating that the formation of oceanic crust immediately after continental breakup is
complicated by the interaction of mantle and the formation of an ocean-continent transition
zone.

The basement structure across the margin is interpreted as follows. Continental crust,
thinned to about 2-3 km lies east of a basement serpentinized peridotite ridge (segment R2; Fig.
2.4). In a region ~20 km wide immediately east of the peridotite ridge the thinned continental
crust is underlain by a layer 3-4 km thick with seismic velocity 7.0-7.6 km/s. This has been
interpreted to be either a layer of underplated material (Horsefield, 1992) or serpentinized
upper mantle peridotite (Whitmarsh et al., 1996b), the latter of which is consistent with dredge
hauls and drilling on the peridotite ridge itself (Boillot et al., 1979; Dupeuple et al., 1976,
1987; Groupe Galice, 1979; Mauffret and Montadert, 1987; Boillot, Winterer et al., 1988).
The peridotite ridge is ~10 km wide and has seismic velocities as low as 3.5 km/s (Goldberg
and Zinszner, 1988; Whitmarsh et al., 1996b). To the west of the peridotite ridge lies a thin (3
km) oceanic crustal section which is underlain by a ~3-4 km thick layer of high velocity,
interpreted to be serpentinized peridotite (Whitmarsh et al., 1996b). At a distance of ~20 km
west of R2 oceanic crust ~7 km thick is interpreted, from seismic velocities, to exist
(Whitmarsh et al., 1996b). Although Sibuet et al. (1995) modelled deep-tow and surface
magnetic profiles and showed that oceanic crust, typified by high (5 A/m) magnetization
amplitudes, abuts the western side of the peridotite ridge, the use of magnetics is limited
because the timing of rifting and accretion of oceanic crust coincided with the Cretaceous
Normal Polarity Chron. As a result, normal and reversed magnetic blocks are not present.
Instead the only significant contrast (excluding effects of topography) is caused by the
juxtaposition of highly normally magnetized oceanic crust with relatively weakly magnetized
continental crust. However, beneath a “breakup unconformity” observed in Leg 103 cores (Fig.
2.4; Boillot, Winterer, Meyer et al., 1987) a reversed polarity interval at Site 631 identified as
CMO(R) (Ogg, 1988) indicates that breakup occurred ~120 Ma, near to the onset of the
Cretaceous Magnetic Quiet Period. |

In addition to basement samples of serpentinized peridotite made along the length of
ridge segments R1 and R2, igneous intrusive rocks, associated with the peridotites (Charpentier
et al., 1998), have also been sampled. Intrusive gabbros (Boillot et al., 1980, 1988b, 1995;
Boillot, Winterer, et al., 1988) which are believed to be derived from the sub-continental

mantle have been dated at 122.130.3 Ma (Scharer et al., 1995). Similarly mylonitized dioritic
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rocks, also samples from the peridotite ridge, have been dated at 122+0.6 Ma (Féraud et al.,
1988). Both gabbros and diorites have been interpreted to be representative of syn-rift
intrusives. In contrast, a thin undeformed basaltic layer, which covers the oceanward side of
the northernmost section of the peridotite ridge, has been dated at 100+5 Ma. Therefore, the
sampled basaltic rocks are assumed to be the products of early post-rift oceanic accretion.

Such an origin agrees formidably with the magnetic modelling of Sibuet et al. (1995).

2.3.2 The OCT in the southern Iberia Abyssal Plain

The segment of margin in the southern IAP has been intensively studied by seismic
refraction (Whitmarsh et al., 1990; Whitmarsh et al., 1993; Discovery 215 Working Group,
1998; Chian et al., in press; Dean et al., submitted), seismic reflection (Beslier et al., 1993;
Whitmarsh et al., 1993; Krawczyk et al., 1996; Pickup et al.,, 1996; Wilson et al., 1996),
magnetics (Whitmarsh et al., 1990; Whitmarsh et al., 1993; Whitmarsh and Miles, 1995;
Whitmarsh et al., 1996a; Discovery 215 Working Group, 1998), heat flow (Louden et al,,
1997), gravity (Whitmarsh et al., 1993) and drilling (Sawyer, Whitmarsh, Klaus et al., 1994;
Whitmarsh, Beslier, Wallace £t al., 1998) and in general the results indicate that the OCT
varies in width from ~40 km in the north to 130-160 km in the south, thus considerably greater
than the OCT width adjacent to Galicia Bank (Fig. 2.4). Figure 2.5 shows the location of
multichannel seismic profiles (MCS) and seismic refraction profiles in the southern Iberia
Abyssal Plain.

The nature of the OCT has been determined from cores and downhole measurements
beneath 10 ODP Sites (Fig. 2.6). However, the origin of the OCT basement from geophysical
studies is still at present undecided. There are essentially three schools of thought regarding the
nature of the OCT. Firstly, Whitmarsh and Sawyer (1996) suggest that the OCT could actually
be the product of ultra-slow seafloor spreading (in which case it is strictly incorrect to call the
region an OCT); they derive an ultra-slow spreading rate of no greater than 6.3 mm/yr, and
more likely 5 mm/yr, from (1) modelled seafloor spreading block M3(R) (Fig. 2.3) immediately
west of the peridotite ridge, dated at ~127 Ma, (2) a Tithonian (~146 Ma) date for the deepest
sediments drilled at Site 901 (Sawyer et al., 1994), (3) the distance of approximately 130 km
between the two locations, providing the basement is oceanic in origin. They argue that because
none of the rocks cored during Leg 149 are continental in origin, and more specifically that the

Site 900 gabbro has MORB characteristics (Seifert et al., 1996), together with the fact that
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peridotites are commonly exposed at slow and ultraslow accretionary axes (Cannat, 1993) due
to a reduction in melt supply (Bown and White, 1995), the rocks within the OCT in the
southern Iberia Abyssal Plain are a product of ultra-slow seafloor spreading. Because some of
the arguments are involved and many analogues are drawn a full discussion is left until Chapter
7. However, it is important to note that their model is consistent with the drilling results and all
published geophysical data with the exception of magnetic anomaly data, which cannot at
present be explained by seafloor spreading models (Whitmarsh and Miles, 1995; Whitmarsh et
al., 1996a).

A second hypothesis for the nature of the OCT is that the zone consists of
serpentinized mantle peridotite with little or no melt products (Pickup et al., 1996; Discovery
215 Working Group, 1998; Chian et al., in press; Dean et al., submitted). Anomalously high
velocities (4.5-7.0 km/s) and high velocity gradients within the uppermost 2-4 km of basement,
underlain by a high velocity (~7.6 km/s) and low velocity gradient layer up to ~4 km thick have
been interpreted to be serpentinized mantle peridotite in which the upper layer represents
peridotite serpentinized up to 100% (Discovery 215 Working Group, 1988; Chian et al., in
press; Dean et al., submitted). The uppermost highly serpentinized layer may be equivalent to
the ~3 km ‘unreflective’ layer of Pickup et al. (1996), which has been interpreted to be the
result of vigorous seawater circulation within unroofed mantle causing a loss of internal
character and therefore a decrease in seismic reflectivity. ODP Leg 149 and 173 encountered
serpentinized peridotites at Sites 897, 899, 1068 and 1070 within the OCT (Fig. 2.6).

The analysis and modelling of the sea surface magnetic field has revealed that east of
peridotite ridge segment R3 the uppermost basement is in general very weakly magnetized
(moduli < 0.5 A/m) relative to the oceanic crust west of R3, with the exception of 3 or 4 local
magnetic highs (moduli >1.0 A/m; Discovery 215 Working Group, 1998). Moreover, the
depths of the magnetic sources computed from the Euler deconvolution of the magnetic field
along profile IAM-9, coincident with the MCS profile of Pickup et al. (1996) and the seismic
velocity model of Dean et al. (submitted), are predicted to be, in some instances, up to ~3 km
below the basement surface as well as at the basement surface (Discovery 215 Working Group,
1998). They suggest that the sources of magnetic anomalies within the OCT could result from
hetrogeneities within peridotite mantle or intrusive mafic bodies at (~3 km) depth.

A third hypothesis for the nature of the OCT is that it is a zone of thinned and
magmatically disrupted continental crust (Whitmarsh and Miles, 1995). Their evidence stems
from magnetic observations alone; linear anomalies within the OCT cannot be explained by
seafloor spreading and therefore they suggest that within the framework of a northward

propagating rift model the anomalies can be explained by the syn-rift intrusion, and possibly
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extrusion, of magmatic material into thinned continental crust. At the end of rifting, the
unroofing/emplacement of mantle at the peridotite ridge at the seafloor results in
serpentinization of peridotite by seawater, which also penetrates the sub-continental mantle
beneath the thinned and intruded continental crust. Although this model satisfies the velocity
models of Whitmarsh et al. (1990), recent seismic refraction experiments reveal a high velocity
(~7.6 km/s) ~4 km thick lower layer and an upper 2-4 km thick lower velocity (4.5-7.0 km/s)
layer with steep gradient (Chian et al., in press; Dean et al., submitted), both of which have
been interpreted as non-continental layers. In addition, MCS data (e.g. Pickup et al., 1996)

show no signs of tilted continental fault blocks within the OCT.

2.3.3 The OCT in the Tagus Abyssal Plain

In contrast to the OCTs off Galicia Bank and in the southern Iberia Abyssal Plain
there is a relative sparsity of data in the Tagus Abyssal Plain. The OCT has been defined to be
the region east of ~11°45’W (Fig. 2.4), the most landward position at which magnetic
anomalies can be modelled by seafloor spreading (Pinheiro et al., 1992). Immediately east of
this location, basement depths increase from ~8 km to ~10 km in a region ~100-130 km wide.
In this region magnetic anomalies cannot be explained by seafloor spreading models but instead
by a series of blocks whose magnetization magnitudes (0.6-1.1 A/m) are nearer to those
required to model seafloor spreading (1 A/m) than typical magnetization magnitudes of
continental rocks (<0.1 A/m; see Chapter 3). Within this region, a 2 km thick layer with
velocities of 4.4-6.3 kn/s is underlain by a 6-8 km thick layer with a velocity of 7.6 km/s. They
therefore interpret the zone as an OCT in which intrusive, and possibly extrusive, material is
present above a layer of high seismic velocity (7.6-7.8 km/s) interpreted to be serpentinized
peridotite.

Bounding the Tagus Abyssal Plain to the south is Gorringe Bank, a 180 km long ENE-
WSW ridge which stands, in places, more than 4 km above the abyssal plain (Fig. 2.4).
Gorringe Bank is the surface expression of the Africa-Eurasia plate boundary and is believed
to be a portion of Mesozoic lithosphere uplifted in the Cenozoic due to local transpressional
forces along the plate boundary. From studies on dredged and cored rocks, Cyagor II Group et
al. (1984), Féraud et al. (1986) and Prichard and Cann, (1982) have suggested that Gorringe
Bank may represent a cross section of oceanic lithosphere similar to that produced immediately
after the onset of seafloor spreading, whilst Girardeau et al. (in press) and Whitmarsh et al.

(1993) have suggested that it represents a cross section of the OCT itself. Recovered rock
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samples consist of serpentinized peridotites with crosscutting dolerite dykes (Cyagor Group,
1978; Auzende et al., 1978, 1979; Cyagor II Group, 1984; Prichard and Cann, 1982).
Moreover, plagioclase and clinopyroxenes recovered within the peridotites suggest that they
have been impregnated by basaltic magmas (Serri et al., 1988). In addition, recovered

mylonitized gabbros are suggested to be associated with the Early Cretaceous rifting episode.

2.3.4 Margin-parallel similarities and differences in basement character

In broad terms, all three segments of the West Iberia margin possess the following
common margin-normal characteristics, (1) in the west, a thin (2-4 km) oceanic crust over
which the magnetic field can be modelled using a seafloor spreading model magnetization
magnitudes typical of oceanic crust (= ~1 A/m); (2) a central zone in which a 2-4 km thick
upper low velocity, high velocity gradient layer is underlain by a layer of high velocity and low
velocity gradient interpreted to be serpentinized peridotite; (3) in the east, tilted fault blocks of
thinned and extended continental crust.

The central zone, although having a lower layer of high velocity which is common to
all three segments of the margin, shows differences in (a) its upper layer velocity structure, (b)
magnetic anomaly character (see next section), and (c) width. West of Galicia Bank the upper
layer is, on the whole, interpreted to be thinned continental crust ba-sed on its seismic velocity
structure (Whitmarsh et al., 1996b), presence of tilted fault blocks, and low amplitude
magnetic anomalies (Sibuet et al., 1995). Only a region ~10 km wide (the peridotite ridge
itself) is interpreted to be serpentinized upper mantle peridotite. In contrast, in the southern IAP
the uppermost layer in the OCT is unequivocally non-continental and non-oceanic based on its
velocity structure and linear magnetic anomalies. Similarly in the TAP, an equivalent zone up
to 130 km wide is present. The OCT’s of the southern IAP and TAP are, at present, thought to
consist largely of serpentinized peridotite at the top of basement. Only small amounts of melt

products have been recovered from all three segments of the margin.

2.4 Further constraints on the nature and origin of the OCT in the southern Iberia

Abyssal Plain.

Given the review of the interpretation of data collected from the West Iberia

continental margin, it is clear that the geological characteristics of the basement across the
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margin, and in particular within the OCT, are relatively poorly constrained by the analysis of
the magnetic field. Therefore this thesis aims to provide further constraints from the application
of traditional and new analyses of the magnetic field in the southern IAP.

The largest dataset used in this thesis is the compiled west of Iberia magnetic anomaly
chart of Miles et al. (1996; Fig. 2.7). A subset of this region in the southern IAP between
11°W and 13°W, which has exceedingly good track control (Fig. 2.8), was used for the bulk of
the study because of the large amount of independent data available there (Fig. 2.5). Additional
magnetic anomaly data, in the form of two pre-existing (Whitmarsh et al., 1996a), and one
new, near-bottom magnetometer profiles are utilized in this thesis. The two pre-existing
profiles, TOBI91 and SAR93, acquired by three component fluxgate magnetometer sensors
mounted on Towed Ocean Bottom Instrument (TOBI) and System Acoustique Remorqué
(SAR) were towed by Charles Darwin and Le Suroit, respectively, proved to be highly
successful in further constraining the origin of basement within and adjacent to the OCT near
ODP Leg 149 Sites 897, 898, 899, 900 and 901 and the subsequent ODP Leg 173 Sites 1067,
1068, 1069 and 1070. This prompted further investigation by near-bottom magnetic profiling.

In the summer of 1995, SAR was towed near-bottom during Discovery 215 along the
trabk of pre-existing MCS profile IAM-9 at ~40°20°’N (Minshull, 1995). The initial plan was
to collect magnetometer data along two long profiles, both of which crossed thinned continental
crust, the OCT, the peridotite ridges and the oceanic crust beneath and adjacent to the J
anomaly. Unfortunately, due to a series of technical problems with the SAR, the conducting
cable and the depressor weight, in addition to logistical problems associated with SAR
recovery, downtime was sufficiently long to only warrant the acquisition of one 200 km profile.
This profile, SAR95, however, was acquired east of peridotite ridge R4, across the transition
zone and continental slope onto the shelf. A second but much shorter reversed profile was run

_~1 km to the north across the shelf and down the continental slope. A strict schedule meant that

profiling was terminated prior to sampling transition zone basement on this second profile.
Therefore, in total only three useful near-bottom magnetometer profiles exist, two of which
(TOBI91 and SAR95) recorded the three spatially orthogonal components of the magnetic
field, whereas only total magnetic intensity was recorded on SAR93. Profiles SAR93 and
SAR95 were calibrated to remove the effects of motion of the vehicle and its magnetic field by
an empirical method (see Appendix I).

Additional data used to complement my magnetic analyses are MCS profiles, totalling
over 1500 line kilometers, recorded during cruise Discovery 215 (Minshull, 1995), as well as
records of MCS profiles from cruises Sonne-75 (Roeser et al., 1992) , Lusigal-90 (Boillot et
al., 1990) and IAM-project (Torne et al., 1993; Banda et al., 1995).
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Chapter Three

Indirect magnetic interpretation methods:
Methodology and application to theoretical

models and anomalies

In this Chapter I give an account of the theory and methodology of the forward and inverse
problems. In addition, the results of theoretical tests are used to monitor the signal response to
systematic changes in model parameters. Theoretical anomalies based on simple models for the
development of the West Iberia margin are generated and their significance discussed. The tests
help to provide information on limits of the methods. The results in this Chapter (and Chapter 4)

provide the rationale for the analyses on observed data in Chapters 5, 6 and 7.

3.1 Formulation of the forward problem

. The traditional way of analyzing potential field data by ‘trial and error’ matching an
observed magnetic anomaly to one generated by a model provides a means of finding a
representation of the real subsurface. The theoretical model is one solution to the forward problem
providing the calculated field matches the observed field within the bounds of a set of specified
conditions.

The theoretical field can be calculated in one of two ways; in the space domain by, for
example, Talwani’s method (Talwani and Heirtzler, 1964), or in the wavenumber domain by, for
example, the method of Parker (1972). Space domain methods are generally based on breaking up
a given magnetic body into a set of simpler geometric objects whose associated magnetic fields are
calculated individually and summed.

The approach to the solution of the forward problem in the wavenumber domain was
successfully applied by Parker (1972), primarily to reduce the number of calculations required to
solve the problem. In contrast to the space domain solution, which assumes that each body has a

discrete and uniform magnetization, the wavenumber domain solution permits continuous along

41



Indirect Methods

axis magnetization magnitude variations, M(x), in a layer whose top is described by h{x) and base

is described by g(x). The magnetic layer is assumed to have a constant magnetization vector

direction, Mo , also described by a dip, /,, and azimuth, D,, from true north. Likewise the Earth’s

A

field can be described by a constant vector direction, B, or its associated inclination, /;, and

declination, D;. The directions of true north and vertically down are given by the unit vectors, X,
and Z respectively. An anomaly A(x) along a profile of bearing B from true north can be described
in the wavenumber domain, assuming it is relatively small compared with the observed field

(Parker, 1972), by,

i = g . . SR
S[AGx)] =14 p1pe” '°V(k)-Z%s[M(X)'{(h(x)—zo) ~(g(0)-20)"}]

where, S[ f (x)] is the Fourier transform of function f, 1, is the permeability of free space,

denotes wavenumber, 7z, is an arbitrary reference level and,

A k)~ -k 3.2)
V(k)=B, - z+ixik—| M, | z+iX—

which is a complex function and is equivalent to,

k k (3.3)

V(k) = (sin I - imCOSL cos(f - Di)]-(sin I, —imcosl, cos(fB— D,))

In practice, the solution is greatly simplified if the magnetic source layer is of constant thickness,
ho. In addition, the infinite sum is terminated after p summations, when the perturbation from the
‘topography terms’ (terms for n>0) is less than a given proportion of the previously calculated

anomaly. Equation (3.1) can then be rewritten as (Parker, 1972),

|z —|k|h - |k ! n (34)
S[AM)] = oMo (1-e ™ °)V(k)-z'n—"S[M(m-(h(x)—zo) ]
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Each method of forward calculation has its relative merits. Regardless of the fact that the
wavenumber domain approach is computationally very fast (because it makes use of the fast
Fourier transform), the main advantage is that it allows magnetization variations to be continuous.
If the same model were to be constructed in the space domain, very many bodies would be required
to simulate a continuous change.

Although the wavenumber domain approach will not allow discrete magnetization steps,
such features can be approximated with high wavenumbers. The highest wavenumber faithfully
represented is determined by the Nyquist wavenumber, ky. The associated Nyquist wavelength, Ay
is given by 2Ax, where Ax is the sample spacing.

Unfortunately, a geophysical trade-off exists. In order to apply the forward problem in the
wavenumber domain, assumptions must first be made (see Table 3.1). The most limiting
assumption is one of a constant magnetization direction; if the subsurface consists of rocks
possessing an entirely remanent, or entirely induced, magnetization then the assumption is valid.
However, a scenario in which a subsurface consisting of rocks possessing both types of
magnetization, and the direction of the Earth’s field magnetic field vector is significantly different
from the direction of the remanent vector, the assumption is invalid.

The assumption of the level of z, is critical to the convergence of the sum in equation (3.4).
Although not shown here, optimum convergence is acquired when z, is situated between the highest
and lowest topographic points on A(x) (Parker, 1972).

If the crust is assumed to be the sole contributor to the magnetic anomaly then the
‘assumption of constant layer thickness may also be reasonable. White et al. (1992) have shown
that oceanic crustal thickness is remarkably constant. However, in regions where the oceanic (or
continental) crustal layer is non-constant, or the exact source of the magnetic field is uncertain, this
poses a serious drawback. In particular, the depth to the top of the magnetic source layer is often
assumed to be the top of acoustic (crystalline) basement. For oceanic crust created at ridges
spreading at greater than 10 mm/yr, this is almost always a fair assumption. For continental crust,
exhumed upper mantle, or oceanic crust created at rates less than 10 mm/yr, it may not be a fair
assumption due to the large uncertainty in determining the nature of the source. Indeed, this is one

of the aims of the use of the magnetic method in this thesis.
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Variables - Assumptions
anomaly, A(x) Earth’s field vector, Bo
topography, A(x) Magnetization direction, Mo
Magnetization magnitude, M(x) Reference level, zo
Layer thickness, Ao

Table 3.1 Variables and assumptions used in the wavenumber domain forward problem.

Although both the space domain and wavenumber domain forward methods compute the
anomaly, A(x), at a constant level, the methods can be extended to calculating A(x,z), i.e. the
anomaly on an uneven observation track. In both methods, the observation plane is usually
assumed to be at a greater height than the highest topographic point everywhere. However,
observations on an uneven observation track that fall below the highest topographic level may
cause significant error in the calculation of the anomaly by the wavenumber domain method
(Hussenoeder, 1995). The general procedure is to assume an equivalent geometry in which the
altitude of the observation level above the top of the source is maintained (Pilkington and Urquhart,
1990). For deep-tow magnetic observations west of Iberia, the acquisition altitudes are great
enough for the error involved in the transformation of geometries to be negligible. I therefore use an
approximate equivalence without a correction term. In contrast, space domain methods do not
suffer from variations in observational plane altitude differences.

In addition to solutions of A(x) and A(x,z), the solution to the forward problem in two
dimensions over a level plane, A(x,y), can be calculated. The anomaly over a three-dimensional
body is calculated in the space domain by a similar method. However, the description of bodies in
terms of the spatial location of vertices and their graphical representation is not easily
accomplished. For these reasons, three-dimensional forward modelling using space domain methods
is not considered in this thesis. However, the extension of the wavenumber domain equation (3.4)
to two dimensions is readily accomplished by the substitution of the scalar wavenumber by a

directional wavevector, and assigning M = M(x,y) and h = h(x,y), and performing the two-

dimensional fast Fourier transform.

3.2 Criteria for determining goodness of fit

Regardless of the method of obtaining a solution to the forward problem, it is important to

44



Indirect Methods

match the theoretical anomaly to the observed anomaly within specified bounds. Models whose
solutions fall outside the limits of these bounds are not potential candidates for interpretation. All
solutions falling within these bounds are mathematical solutions, but their respective models are not
necessarily realistic representations of the subsurface. However, in the absence of further
information, all models associated with a mathematical solution are considered. The interpretation
is further based on a translation of the model parameters into geological terms. If the geological
terms are highly unreasonable then the model is dismissed. Nevertheless, many models may satisfy
the observed field.

The degree of match between the observed and forward calculated profiles can be tested by
a number of techniques:
(1) The residual between the observed and forward calculated anomalies. This method of
comparison is the simplest and approximates to slightly quantitative visual fitting. It is effective
because, as function of x, it permits comparison of forward and calculated anomalies over different
parts of a model.
(2) The root mean square (RMS) of the residual between the two given anomalies. If the RMS for
a given profile falls below a defined threshold then the calculated profile matches the observed
within the bounds of the RMS test. The RMS test is insensitive to the absolute values of F,,{x) and
F.ac(x) and therefore should be used with caution.
(3) Normalized RMS allows a means of comparing the RMS residuals of different observed-
calculated anomaly pairs, and therefore provides a means of comparing the effectiveness of models
in different circumstances. This is particularly beneficial for comparing an RMS residual between
a calculated-observed anomaly pair at the sea surface and one made in near bottom observations.
The method used here is to normalize the residual against the maximum peak-to-trough amplitude
of the anomaly. Because proportional differences are calculated, rather than absolute differences,
the normalized RMS test is not biased by large errors that are associated with large absolute values
in F,u(x), for example.
(4) The correlation coefficient (CC) between the observed and calculated anomalies. If CC = O then
the two time- (or space-) series are uncorrelated. If CC = 1 then perfect correlation is achieved. If
CC = -1 then the profiles are perfectly anti-correlated.

The solution of the forward problem need not necessarily be used to match an observed
profile. Alternatively, they can be used to monitor the effect of changing model parameters on

magnetic anomaly response.
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3.3 Experimental application of the forward problem

The following five subsections are aimed at evaluating the effects of some common
phenomena associated with the modelling of magnetic anomalies. These are, (1) finite along strike
length of bodies, (2) magnetization magnitude and direction, (3) vertical changes in magnetic
structure, (4) seafloor spreading rates, and (5) source layer topography. In all cases, unless
otherwise stated, anomalies are computed along profiles trending 100° over theoretical models
whose remanent magnetization vector direction is typical of crust adjacent to the West Iberia rifted
margin in Cretaceous times (declination = -43°, inclination = 58°; Galdeano et al., 1989), and
whose magnetization magnitude is +1 A/m. Profiles of this orientation are approximately normal to
seafloor spreading anomalies and anomalies in the ocean-continent transition zone west of Iberia.

The situation described above allows the most probable theoretical anomalies to be
generated if basement offshore West Iberia is assumed to possess a predominantly remanent
magnetization. The indirect methods, because of their implicit assumptions, especially concerning
magnetization direction, lend themselves to a study of this nature. For this reason, the problem is
formulated in such a way as to test a particular hypothesis, by the use of assumptions concerning
the general nature of the basement (i.e. oceanic or continental). In contrast, Chapter 4 is concerned
with direct methods which, in general, do not rely on assumptions concerning the magnetization

vector of the source, and therefore can be used in a more objective manner.

3.3.1 Test of two-dimensionality

The success with which a model can generate a magnetic anomaly which is similar to an
observed anomaly is dependent on the means of generating the anomaly. In the geological sciences
many models are assumed to be two-dimensional, ie. continue to infinity in a direction
perpendicular ‘to the line of the profile, but this may not necessarily always be a good
representation of the real subsurface. However, many geological situations have a degree of two
dimensionality in that features have a finite strike length perpendicular to the profile, and are
therefore described as two and a half-dimensional. A 2.5 D feature, or body, can be described by a
half-strike length. When the half-strike length approaches the alongLaxis length the feature is then

truly three dimensional. Track to track correlation of anomalies provides a means of testing two
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dimensionality. Indeed, surveys are often designed to cross over the centres of bodies,
perpendicular to the strike, in order to minimize body end effects and effects of oblique crossings.
To test the effects of finite strike length, anomalies calculated over magnetic bodies with
cross sectional geometries of 20 km wide by 6 km thick with varying strike length were compared.
The method used to calculate the anomalies was a modification of Talwani’s approach in which
end correction terms are included (Shuey and Pasquale, 1973). Observations were made at altitudes
of 7 km and 2 km above the source in order to simulate observations made at the sea surface and at
near-bottom altitudes (deep-tow experiments) west of Iberia, respectively. The half-strike length of
the body was varied from 100 km to 5 km and the calculated fields compared with the field
generated by a truly two dimensional model (Fig. 3.1). A comparison of the RMS residuals
between the 2-D anomaly and the 2.5-D anomalies acts as a check on the goodness of fit. In
particular, the RMS residual normalized against the peak-to-trough amplitude acts as a means of
comparing the effects of a 2.5-D structure at 7 km and 2 km above the top of the source (Fig. 3.2).
It can be seen that models whose half-strikes are greater than 100 km are essentially two
dimensional features; their RMS residuals are less than 1 nT, whether observed 2 km or 7 km
above the top of the source. This represents a less ‘than 1 % error when compared with the
maximum peak-to-trough amplitude. Half strike lengths greater than ~ 20 km generate a less than 5
% error in observation. It can be seen that the shape of the anomaly does not differ significantly
until half-strike lengths are as small as 5-10 km (Fig. 3.1). The magnetic effect of the ends of
bodies is proportionally greater at a distance of 7 km above the source compared to 2 km above the

source, although the difference is insignificant.

3.3.2 Effect of susceptibility on total field observations

As discussed in Chapter 2, a magnetic body can have a remanent magnetization and/or a
susceptibility that gives rise to magnetic anomalies. The aim of this subsection is to determine the
effect and its sigﬁificance, if any, that these two types of magnetization have on the resultant
magnetic field.

West of Iberia, the remanent vector direction of magnetic sources formed during
Cretaceous times is given by an inclination of 58° and a declination -43° (Galdeano et al, 1989). Of
course, the vector polarity will be dependent on the polarity of the Earth’s field at the time of
acquisition of the magnetization. In contrast, an induced magnetization vector is always parallel to

the Earth’s present day magnetic field, and therefore possesses positive polarity. The present day
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field is given by an inclination of 55° and a declination of -6°. Most magnetic bodies possess both
types of magnetization, although most common rock types are dominated by one type.

Consider a 25 km wide, 7 km thick magnetic body, whose top is at a depth of 7 km. If the
body is magnetized with a resultant magnetization vector whose contributions from remanent and
induced components are reasonable, then it is possible to calculate potentially reasonable magnetic
fields for a range of bodies. Table 3.2 shows the components of magnetization in a number of given
models, whilst Figure 3.3 shows the magnetic field response of the models. If the addition of an
induced magnetization is coupled with the loss of the same amount of remanent magnetization, then
the effective magnetization magnitude is approximately constant due to the not too dissimilar

inclinations and declinations of the two vectors. The resultant magnetic fields sit within an envelope
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Figure 3.1 The effect of body half-strike length of on calculated magnetic
anomaly. Anomaly computed along a track trending 100" over a source body
20 km wide (15-35 km distance) extending from 7 km to 13 km depth.
Source body magnetization +1 A/m, D=-43", |=+58°. Anomaly calculated

(a) 2 km above top of source and (b) 7 km above the source to simulate
seasurface and near-bottom magnetic observations. Half-strike lengths

of 80 km (thick dashed), 60 km (heavy dotted), 40 km (medium dotted),

20 km (medium dashed), 10 km (light dotted) and 5 km (fine solid; also
labelled).
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whose residual is no greater than 20 nT everywhere. In contrast, if the induced magnetization is
added to a remanent magnetization, the outcome is highly dependent on the polarity of the remanent
magnetization. Models 5 and 6 (Table 3.2) demonstrate the effect of a susceptibility on normally

and reversely magnetized crust, respectively (Fig. 3.3).
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Figure 3.2 The effect of ignoring finite source body length on magnetic anomaly amplitude
computed 2 km (dotted line) and 7 km (solid line) above the source (see Fig. 3.1 caption).
(a) Rms residual between anomaly computed from 2.5-D body and a 2-D body. (b) As (a)
but normalized against the maximum range from the 2-D model. A 2-D body makes a good
approximation to a 2.5-D body with misfits < 5% of the maximum signal range when half-
strike lengths are > 20 km.

model # 13 | Asm) k |7, | cam) |J] carm)
1 0.665 0.001 0.035 0.698
2 0.525 0.005 0.175 0.692
3 0.35 0.01 0.35 0.689
4 0.0 0.02 0.7 0.7
5 0.7 0.02 0.7 1.379
6 -0.7 0.02 0.7 0.243

Table 3.2 Magnetic properties of models 1-6 whose magnetic fields are shown in Figure 3.3. |J R| , |J ,| and |JI are

remanent, induced and resultant effective magnetiiation magnitudes, respectively, whilst k is susceptibility. The

induced magnetization is calculated from the susceptibility assuming an ambient magnetic field of 44400 nT.
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Figure 3.3 The effect of varying the strength of remanent and induced
magnetization on synthetic magnetic anomaly amplitude. Magnetic source
body as in Fig. 3.1 except at 12.5-37.5 km distance, at 7-14 km depth
and magnetization vectors defined by models 1-6 (labelled) in Table 3.1.
Models whose magnetization comprises entirely positive remanent
magnetization (0.7 A/m; solid line) and entirely induced magnetization
{(model 4) generate magnetic anomalies which define an envelope with
maximum range < 20 nT. Models 1-4 fall within the envelope. Addition
of induced magnetization to remanent magnetization in the model generates
anomalies 5 and 6.

3.3.3 Effect of vertical oceanic crustal structure on total field observations

Direct observation and sampling of oceanic crustal rocks, via boreholes or dredge hauls,
provide the only means with which to determine their exact magnetic properties. Nevertheless, the
small-scale description of a hand specimen or core is not necessarily representative of a whole
region, making it very difficult to infer the gross magnetic properties of the oceanic crust.
Therefore, the vertical and horizontal changes in magnetic properties are of paramount importance
if a realistic first order crustal magnetization model is to be used as a partial constraint in magnetic
modelling. The link between the igneous model of oceanic crust with that of the layer model
determined seismically is of prime importance to the understanding of oceanic crust. Together with
models of the distribution of magnetic minerals within specific rock types (Fig. 1.6), a magnetically
layered crust can be approximated by a simple vertically sided block model of uniform

magnetization by the forward problem.
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In Chapter 1 I presented two magnetization models of the oceanic crust (Kent et al., 1978;
Dunlop and Prévot, 1982). Here their quantitative magnetic anomaly expressions are computed in
order to show the degree to which they match a uniform (magnetization) vertically sided block
model. A vertically sided block model with uniform magnetization distribution is preferred because
it represents the crust in its most simple form, thus making the process of forward modelling much
easier logistically. In addition, the assumption of a constant thickness single magnetized layer made

in the forward and inverse wavenumber domain methods is more easily put into context.

magnetization (A/m) |

model # 2A 2B 3A 3B 4(a) approx. (RMS | Description
0.5) |1 (1.5) {(2.0) | (3.0) [ (1.0) |uniform | (nT)
model”
(A/m)
Fig. 34a &b
1 2.5 0.5 1.0 02 |0.0 0.7 3.04 Dunlop and Prévot (1982) with no
serpentinized layer 4
2 5.0 0.0 1.0 1.0 |0.0 1.1 2.38 Kent et al. (1978) with no serpentinized
layer 4
3 2.5 0.0 1.0 1.0 0.0 0.9 1.08 Model 2 with a reduced layer 2A
magnetization
Fig. 3.4a
4 50 (00 |00 {00 (0.0 0.9 27.58 | Crust approximated by layer 2A only
5 2.5 2.5 0.0 0.0 (0.0 0.5 16.98 [ Equivalent of 2 km thick layer 2A
6 2.5 00 (0.0 00 |00 0.1 51.16
7 2.5 0.0 0.0 0.0 0.0 0.1 4.10 Magnetization vector parallel with
resent Earth’s field
Fig. 3.4b
4 25 0.5 1.0 02 |25 1.0 1.50 Dunlop and Prévot (1982) 1 km
serpentinized layer 4
5 2.5 0.5 1.0 0.2 |10 0.9 2.32
6 2.5 0.5 1.0 02 |05 0.8 4.65
7 2.5 0.0 1.0 1.0 2.5 1.1 3.32 Kent et al. (1978; reduced 2A
magnetization) with 1 km serpentinized
layer 4
8 2.5 0.0 1.0 1.0 |10 1.0 1.65
9 2.5 0.0 1.0 1.0 |05 0.9 221

Table 3.3 Magnetization (A/m) of individual layers (bold) in a multi-layered model comprising oceanic layers 2A,
2B, 3A, 3B, and a 1 km upper mantle source layer. Thicknesses (km) of individual layers are shown. Approximate
equivalent uniformly magnetized (A/m) uni-layer block models (underlined) and RMS differences between these and

the multi-layer models are shown. * = uniform layer is 7 km thick.
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The amplitude of the two-dimensional magnetic anomaly over an oceanic crustal block 25
km wide and 7 km thick with its upper surface at 7 km depth is highly dependent upon the
magnitude of magnetization (Fig. 3.4). The peak-to-trough amplitude of the anomaly increases
approximately by 150 nT per A/m increase in magnetization of the block model. On comparing
uniform (single 1ayer). block models with previously hypothesized (multiple layer) crustal
magnetization models, the model of Dunlop and Prévot (1982) can be very closely approximated
by the uniform model of 0.7 A/m (solid line in Fig. 3.4). The RMS residual between the two
theoretical profiles is 3.04 nT, and their correlation is 99 %. The model of Kent et al. (1978) very
closely approximates to a uniform model of 1.1 A/m (daéhed line in Fig. 3.4) with a RMS residual
of 2.38 nT and a correlation of 99 %. A model similar to the one of Kent et al. (1978), but instead
with a reduced magnetization of layer 2A' from 5.0 A/m to 2.5 A/m, can be approximated by a
uniform block model of magnetization 0.9 A/m. A reduction in magnetization of layer 2A is
compatible with a decay of TRM through time (Raymond and LaBrecque, 1987).

An RMS residual of 1.08 nT and a correlation coefficient of 99 % means that the two
models produce almost identical magnetic fields and therefore represent a pair of non-unique
solutions in an infinite family. Table 3.3 and Figure 3.4a show the results of various other models.
All models correlate 99% except model 7 in Figure 3.4a. It can be seen that crustal magnetization
models in which seismic layer 2A is the sole contributor (Talwani et al., 1971) cannot be
approximated by the uniform 7 km thick block model to the same extent as models in which the
whole crust contributes, but not necessarily evenly, to the magnetization distribution (models 4-7 in
Table 3.3 and Figure 3.4a). RMS residuals or correlation coefficients fall below the limits that
define a good fit. For models possessing entirely remanent magnetization (models 1-6), the mis-
match between the uniform block model and one described by a magnetic layer 2A is described
statistically by the RMS residual and correlation coefficient. In real terms there exists a phase shift
and amplitude error between the two theoretical anomalies. Amplitudes are reasonably well
matched but the phases of the two anomaly profiles are mis-matched, especially near the edges of
the body. This phenomenon is intrinsically linked with the concept of anomalous skewness
(Schouten and McCamy, 1972; Cande, 1976, 1978; Cande and Kristofferson, 1977; Roest et al.,
1992a; Dyment et al, 1994; and others). The conventional two-dimensional oceanic crustal

magnetization model is one in which layer 2A, a rectangular prism of constant magnetization

! Although there is not a 1:1 correspondence between seismic layer 2A and the extrusive layer (Leinen,
Rea et al., 1986) the two are considered the same here.
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Figure 3.4 Comparison of magnetic anomalies produced by layered oceanic crustal magnetization
models and uniform magnetization block models. Lower pane! shows geometry of layered models
(layers defined by thin lines) and block model (heavy box). (a) and (b) Synthetic magnetic anomalies
produced by uniform block models (thin dotted lines; magnetization magnitude incremented by 0.1
A/m and labelled A/m) and layered models 1, 2 and 3 (labelled M1, M2 amd M3; see Table 3.3).

(a) Models with an additional serpentinized upper mantle layer 4(a) are described in Table 3.3 and
their anomalies given by thin dashed lines augmented with triangles (model 4), crosses (model 5),
and circles (model 6) when variants of model 1, and given by thin solid lines augmented by triangles
{model 7), crosses {model 8) and circles (model 9) when variants of model 2. (b) As (a) except thin
solid lines augmented by triangles (model 4}, squares (model 5), circles (model 6) and crosses (model
7) represent anomalies produced by models defined in Table 3.3. See text for discussion.
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direction and magnitude, is the only contributor to the magnetic field. The phase of the anomaly
primarily depends on the inclination of the magnetization vector of the extrusive layer and the
geomagnetic field vector, but additional phase shifts may be due to contribution from lower crustal
rocks which are disregarded in the conventional model (e.g. Pariso and Johnson, 1993a & b;
Dyment and Arkani-Hamed, 1995). The model sought here is one in which the whole crust
contributes to the magnetic field.

If seismic layer 2A has been significantly altered since its formation, then a secondary
chemical remanent magnetization (CRM) may develop, within the first 20 Ma of crustal evolution,
parallel to the ambient field at the time of formation (Raymond and LaBrecque, 1987). Because the
acquisition of a CRM is usually at the expense of the primary TRM, the resultant magnetization
vector can take a range of magnetization directions and magnitudes. The age of the basalt is
significant in that layer 2A TRM decays exponentially with a time constant of the order of 5 Ma
through alteration, and the exponential growth of secondary CRM has the same time constant.
Therefore, oceanic rocks 20 Ma old have, by this process, only ~2% of their original TRM
remaining, whilst oceanic rocks over 100 Ma will have significantly less (10" if exponential decay
continues), and consist of almost all secondary CRM. The following discussion therefore considers
rocks with NRM consisting entirely of CRM.

The rotation of Iberia took place in late Cretaceous times (Srivastava et al., 1990a),
therefore the ambient field declination at any given time of normal polarity between late Cretaceous
and will be bounded by -43° (prior to rotation; Galdeano et al., 1989) and 0°. Geographic north
acts as the minimum bound because of the assumption that declination of the Earth’s field vector
averages to zero through time (geocentric dipole field hypothesis). The magnetic inclinations of 58°
in late Cretaceous times (Galdeano et al.,, 1989) and 56° at present can be assumed to be
reasonably constant due to the lack of a north-south component of motion along the almost
continuous north-south trénd of the Mid-Atlantic Ridge. Thus, the phase difference between
unaltered normally magnetized basaltic layer and the equivalent altered layer, which has acquired
its magnetization within a normal polarity chron subsequent to the start of rotation of Iberia, will
be small (Fig. 3.5). Likewise if primary reversely magnetized basaltic layer 2A acquires a
secondary CRM within a reversed polarity chron, the phase difference between the two anomalies

will be small.
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In all cases, the amplitude difference will depend on the effective magnetization of the
secondary CRM. Although the acquisition of a secondary CRM makes only small differences to
anomalies, the assumption (that a significant CRM is acquired) has been criticized based on two
lines of evidence: (1) rock magnetism studies (Beske-Diehl, 1989); (2) the reversed polarity of
blocks MO(R) and M1(R), which immediately precede the Cretaceous Magnetic Quiet Zone
(CMQZ; they should be inverted). Because MO(R) and M1(R) are not inverted, I assume that no
significant secondary CRM is present in models of the oceanic crust, in general, although the decay
of TRM is still likely to occur through time. ‘

In addition to lower crustal sources, it has been proposed that upper mantle sources, in the
form of serpentinized peridotites, can contribute greatly to the magnetic field (e.g. Dunlop and
Prévot, 1982; Harrison, 1987; Dyment and Arkani-Hamed, 1995). The effect of adding a 1 km
thick layer to the base of layer 3B in models (1) and (3) above is to increase the amplitude of the
theoretical field anomaly so that it matches with the anomaly of a uniform block model of slightly
higher magnetization (Table 3.3 and Fig. 3.4b).

The reduction of a magnetically layered crust to a vertically sided block model of uniform
magnetization is also successful in situations where more than one body exists (Fig. 3.6). This
therefore allows a means of constructing simple models of a realistic oceanic crust in which the
theoretical anomaly can be compared with those observed at the sea surface.

The theoretical magnetic field over a given model is extremely sensitive to the depth to the
upper surface of the model. As was shown in Figure 1.5, the amplitude of the anomaly due to a
point source is approximately proportional to the square of the depth. In the broadest sense, any
arbitrarily shaped body is composed of many point sources. Therefore the contribution to the
magnetic field of layer 3B, for example, in a layered oceanic crustal model, is greatly increased if it

is nearer to the level of observation. Such differences in distance from a model source to an
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observation level become important if near bottom magnetic field observations are made. At
present day accretionary axes, the top of the magnetic layer is at, or within a few meters of, the
seabed. However, in the southern Iberia Abyssal Plain the magnetic source layer is commonly ~2
km below the seabed, if the top of the magnetic layer is assumed to be coincident with the top of
acoustic basement.

The effect of computing the magnetic field on an observation level 2 km above the top of
an oceanic crustal model, compared with 7 km, is to increase the anomaly amplitude approximately

three-fold (Fig. 3.7, cf. Fig. 3.6). Theoretically, for an isolated point dipole source, the increase in
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Figure 3.6 (a) Comparison of magnetic anomalies produced by layered oceanic crustal
magnetization models and uniform magnetization block models for normal and reversed
blocks. Synthetic magnetic anomalies produced by uniform block models (thin dotted lines;
magnetization magnitude incremented by 0.1 A/m and labelled) and layered models of
Dunlop and Prevot (1982) and Kent et al. (1978). (b) Geometry of magnetic models;
black=positive magnetization, white=negetive magnetization. Blocks with magnetization
magnitudes 0.7-1.1 A/m make good approximations to a realistic layered magnetized crust
when observations are made 7 km above the source layer.
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anomaly amplitude should be approximately twelve-fold (for the 7 km case). Realistically the
subsurface is represented by non-point dipole source bodies whose magnetizations are distributed
throughout a finite volume, rather than focused at a point, and therefore the theoretical twelve-fold
increase is never achieved. Nevertheless, the magnetization modeis of Dunlop and Prévot (1982)
and Kent et al. (1978) can be approximated by uniformly vertically sided block models by the
method of comparing the magnetic fields generated by both models in the same manner as above
(Fig. 3.7). The model of Dunlop and Prévot (1982) is best represented by a model of uniform
magnetization of 0.7 A/m, whereas the model of Kent et al. (1978) is best represented by a model
of uniform magnetization of 1.1 A/m. The RMS residuals are ~ 25 nT in both cases (fig. 3.8).
Exactly the same result was found when the theoretical field was computed 7 km above the top of
layer 2A, representative of observations at the sea surface (Fig. 3.6). However the RMS residual
between the two anomalies in this case (computed for uniform model and layered model) was found
to be less than ~ 3 nT in both cases. The difference in the RMS residuals at the two observation
planes once normalized against the maximum peak-to-trough amplitude suggests that a uniform
block model is a slightly better representation of the crust when observations are made 7 km above
the source rather than 2 km above the source. The normalized RMS results are shown in Table 3.4.
It can be seen that the RMS errors are never greater than 4.0 % of the maximum range and
therefore the difference in absolute RMS values is not significant.

The overall effect is that geologically reasonable layered crustal magnetization structures
can be described by vertically sided prisms, with flat upper and lower surfaces and uniform
magnetization distributions. The bulk magnetization usually falls in the rahge 0.7 A/mto 1.2 A/m.

This result greatly simplifies the procedure of modelling more complex observed anomalies.

Observation level (km) Dunlop and Prévot (1982) model and Kent et al. (1978) model and uniform 1.1
uniform 0.7 A/m A/m
2 4.0 2.8
7 1.3 0.1

Table 3.4 RMS errors between layered and best fit block models for given observation altitudes, given as a

percentage of the maximum peak-to-trough amplitude (bold).
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Figure 3.7 As Fig. 3.6 except magnetic anomalies are computed 2 km above
the top of the models in order to simulate near-bottom observations. The
models of Dunlop and Prevot (1982) and Kent et al. (1978) can be approximated
by uniform magnetization block models (0.6-1.3 A/m).

3.3.4 The effect of spreading rate on total field observations

Many characteristics of the morphology and structure of oceanic crust are dependent upon
spreading rate, none more so than the distribution of magnetization. Together with the reversal
timescale, the main effect of the spreading rate on the magnetic structure of oceanic crust is to
determine the horizontal spacing of adjacent normal and reversely magnetized blocks and the
degree to which anomalies caused by short-lived polarity intervals can be resolved. In addition, the
spreading rate can also have an effect on the vertical magnetic structure, but this is not considered

in this section.
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Any prismatic magnetic body whose magnetization vector is inclined to the vertical will
produce a magnetic anomaly consisting of a peak associated with one its sides, and a trough
associated with the opposite side. The polarity of the vector determines the direction in which the
anomaly is skewed. A profile trending 100° across 2-D seafloor spreading blocks with a reasonable
remanent magnetization vector (Galdeano et al., 1989) produces a magnetic anomaly whose peak is
over the eastern side of the block with a trough over its western side. It is the identification of these
linear anomalies, and their correlation with the reversal timescale, which acts as the main line of
evidence for the assumption that oceanic crust, rather than continental crust or mantle, is present.
However, the isolation of these anomalies is determined by the spacing of the sources. If the
sources are too close to each other then the individual anomalies interfere and the resultant anomaly
cannot be easily related to the bodies.

Assuming the reversal timescale of Gradstein et al. (1995; Fig. 2.1) and that the formation
of oceanic crust can be approximated by vertically sided blocks, two-dimensional magnetic
anomalies have been computed over oceanic crust along a track trending 100°. The magnitude of
magnetization of each reversal unit is assumed to be 0.8 A/m (approximating the model of
Dunlop and Prévot. 1982), and distributed evenly within a 7 km thick layer. Anomalies over
accretionary oceanic crust generated between chron CMO time (~120.38 Ma) and chron CM29
time (~156.85 Ma), at spreading rates from 2 mm/yr to 16 mm/yr, in 2 mm/yr increments, were
calculated on observation levels 7 km (Fig. 3.9) and 2 km (Fig. 3.10) above the uppermost layer of
the model in order to approximately simulate theoretical anomalies at the sea surface and in near-

bottom observations.

Typically peak to trough amplitudes of 200 nT and wavelengths of 10 km or more are
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observed on an observation plane 7 km above the source, although the spreading rate is a
controlling factor. For all the spreading rates used, anomalies east of aM3(R) or aM4(N)
(equivalent to those older than CM3(R) and CM4(N)) are not discernible in terms of a distinctive
peak or trough being clearly independent of the overall response. Anomaly aM3(R) is a distinctive
negative feature at spreading rates as low as 4 mm/yr, whilst the effects of M2(N) and M1(N) give
rise to a broad positive feature. For spreading rates equal to or greater than 10 mm/yr distinct
positive anomalies aM2(N) and aM1(N) are separated by a distinct negative anomaly aM1(R)
whilst at spreading rates less than 10 mm/yr the effects of the two positively magnetized blocks
merge to form a single positive anomaly. The large duration of chrons CMI(N) and CM3(R)
means that the anomalies are distinct even at very low spreading rates when anomaly blocks are
very narrow. In contrast, chrons older than CM4(N) are mostly short and therefore the resultant
block widths are narrow even at spreading rates as large as 16 mm/yr. The associated anomalies
therefore interfere and the result is a subdued anomaly profile with few distinct peaks or troughs.
However, there are two exceptions; (1) the trough-peak pair associated with the effects of M11(R)
and M11A(N) and M12.1(N) together which can be seen at spreading rates as low as 8 mm/yr (P
in Fig. 3.9), and (2) the peak-trough pair associated with the effects of M16(N) and M17(R) which
can be seen at spreading rates as low as 4 mm/yr (Q in Fig. 3.9). However, in general anomalies
east of aM4(N) are subdued with peak to trough amplitudes < 100 nT.

For spreading rates of 4 mm/yr or more, the overall effect of the relatively large chron
duration of ~1 Ma in the early part of the M-series (CMO(R) to CM4(N)), compared to the short
duration (< 0.5 Ma) of older chrons (CM5(R) and older) is to give the appearance of an edge
effect, which defines two zones of anomaly character. To the west of aM3(R) and aM4(N)
anomalies are relatively easily correlated to their causative bodies, especially at spreading rates of
10 mm/yr or more. East of aM4(N) the interference of anomalies arising from narrower blocks
means that individual blocks do not have distinctive associated anomalies. This relatively simple
observation may have a significant effect on the interpretation of anomalies observed at the sea
surface west of Iberia and offshore Newfoundland.

The effect of spreading rate on the calculated total field magnetic anomalies is much more
significant on observation planes that are nearer to the source. Near-bottom observations,
simulated by an observation level 2 km above the tops of the magnetic sources, reveal a much finer
detailed magnetic anomaly pattern in the aforementioned zone east of anomaly aM4(N) (Fig. 3.10).

Chrons older than CM4(N) produce distinct associated anomalies for models in which the
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spreading rate is as low as 6 mm/yr, with the exception of short chrons (< ~0.3 Ma in duration)
between CM6(R) and CM14(R). Not unless the spreading rate is 16 mm/yr or more do these
reversals produce any noticeable anomaly.

At a spreading rate of 10 mm/yr anomalies in the range aM4(N) to aM11(R) have peak to
trough amplitudes of ~ 100 to 200 nT. In contrast, anomalies aMO(R) to aM4(N) have peak to
trough amplitudes in the range 350 to 600 nT. Wavelengths are varied depending on the block
width. Again there is an apparent segregation at the position of anomaly aM4(N) based on the
character of anomalies. -

In general, calculated anomalies over models of the oceanic crust with spreading rates of 6
mm/yr to 12 mm/yr show a distinct partition of types at the position of anomaly aM4(N). This
segregation is a result of the decrease in average duration of chrons older than CM4(N) (and
younger than CM14(R)) compared with those younger than CM4(N). Typical chron durations of
0.5 Ma or less east of aM4(N) means that crustal blocks of constant polarity are 5 km or less in
width for a spreading rate of 10 mm/yr. Individual anomalies east of aM4(N), calculated 2 km
above the source, are discernible with amplitudes of ~100 nT compared to 350-600 nT west of
aM4(N). In contrast, anomalies east of aM4(N) calculated 7 km above the source have peak to
trough amplitudes no greater than 50 nT compared with ~200 nT west of aM4(N), and high
wavenumbers are attenuated because of the greater distance of the observation level from the
source. The segregation is more noticeable the nearer the observation level is to the source.
Anomaly amplitudes and wavelengths steadily increase as the blocks become larger with an
increase in spreading rate. Anomalies both east and west of aM4(N) are similar in character for

models whose spreading rate is greater than 16 mm/yr or less than 6 mm/yr.

Figure 3.9 (next page) The effect of spreading rate on the synthetic M-series magnetic anomalies (age
CMO(R) and older; see Fig. 2.1) computed 7 km above the top of the source layer to simulate observations
made at sea surface altitudes in the southern Iberia Abyssal Plain. Pairs of panels show model (lower
panel; black= +0.8 A/m, white=-0.8 A/m) and synthetic anomalies (upper panel) computed for spreading
rates of 16-2 mm/yr in 2 mm/yr increments. Anomalies aM1(R) and aM4(N} are labelled whilst (unlabelled)
upward pointing arrow marks anomaly aM3(R). Solid bars labelled P and Q mark the positions of a trough-
peak pair and a peak-trough pair, respectively; P = anomaly associated with M11(R), M11A(N) and
M12.1(N); Q = anomaly associated with M16(N} and M17(R). Other than P and Q anomalies east of
aM4(N) are subdued with peak-trough amplitudes < 100 nT, for all spreading rates.
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Figure 3.10 (Previous page) As Fig. 3.9 except synthetic anomalies computed 2 km above top of source
layer to simulate observations made near-bottom in the southern Iberia Abyssal Plain. In contrast to the
anomalies generated 7 km above the source layer (Fig. 3.9), here distinct anomalies east of aM4(N) can

be associated with individual block.

3.3.5 The contribution of topography to total field observations

One of the first and most important pieces of information concerning the interpretation of
real magnetic anomalies is to quantify the contribution of the topography of the top and bottom of
the source layer to the total magnetic field. The topography of the bottom of the source layer,
however, is less significant due to its greater distance from the observation level. Moreover, the
topography of the base of the source layer is generally an unknown.

The contribution is defined as the magnetic field produced by a magnetized layer of
constant magnetization direction and magnitude, whose base is at constant depth, and whose upper
surface has a topography. It has significance for two reasons: (1) the top of the magnetized layer is
often equivalent to the top of acoustic basement and therefore can be derived from MSC profiles;
(2) if the observed anomaly is totally described within given specified bounds by the basement
relief then local geology is homogeneous above a length scale defined by the resolution of the
method. This means that the magnetic field cannot contribute to a geological investigation in any
way other than estimating a relative magetization contrast between basement and sediments, for
example. If the contribution is significant then topographic effects must be included in forward
models. The degree of significance, in a quantitative sense, between real observations of the field
and basement topography is tested in Chapter 5.

In order to exclude the effects of change in parameters other than topographic variations,
solutions to the forward problem have been found for a range of parameters (Fig. 3.11). Three
‘external’ parameters; magnitude of magnetization, direction of magnetization and depth to base of
magnetic layer are tested. For an assumed induced magnetization vector the -effective
magnetizations were calculated assuming an external field of 44400 nT, based on the IGRF 1995.0
epoch for a latitude of 40°N. Remanent vector magnitudes are within the realistic bounds for block
models as calculated in the previous section. Anomalies were computed assuming a profile trend of
100°, roughly at right angles to linear anomalies in and adjacent to the OCT offshore Iberia, and

the magnetic layer is assumed to be two dimensional. The topographic variation is synthetic and



Indirect Methods

allowed to vary between 5.5 km and 8.5 km depth from the observation plane.

The first step is to quantify the changes in the topographic anomaly due to changes in other
parameters, then to quantify the topographic anomaly itself. The effects of the magnetization
vector direction are insignificant. The maximum perturbation to the topographic anomaly due to
the difference in direction between induced and remanent magnetization vectors occurs when the
relief is the most extreme (Fig. 3.11a) and is 17 nT. This assumes both vectors have a constant
magnitude of 1.5 A/m and the basement relief is 3 km over a horizontal distance of 5 km. For lower
magnetizations and/or smaller relief variations the error is approximately 5 nT and therefore
considered insignificant.

The topographic anomaly is almost completely insensitive to the basal depth of the layer.
Only when a magnetization of 1.5 A/m is assumed does the effect of changing the depth to the base
from 10 km to 16 km create a variation of 5 nT in the theoretical anomaly. For lower layer
magnetizations, the variation is often less than 2 nT and therefore insignificant (Fig. 3.11b).

The factor to which the topographic anomaly is by far the most sensitive is magnetization.
For a topographic step of 3 km over 5 km laterally and a magnetization of 1.5 A/m, the resultant
topographic anomaly has a peak-to-trough amplitude of ~150 nT. A magnetization of 0.5 A/m with
the same topographic variation produces a topographic anomaly with peak-to-trough amplitude
~100 nT. Figure 3.11c shows the effect of magnetization on the amplitude of the topographic
anomaly. For a uniform layer magnetization of 0.7 A/m, and realistic topographic variations (Fig.
3.14d), peak-to-trough topographic anomalies in a profile 7 km above the source are likely to be in
the range of 50-75 nT. Therefore variations in topography of a constant magnetization layer may
be significant in contributing to observed anomalies. In particular, near-bottom observations as
close as 2 km above the source will be highly susceptible to the topographic effects (ca. 150-200
nT) of the source.

Anomalies west of Iberia have a similar amplitude to those generated here by basement
topography alone (Fig. 2.8). In Chapter 5 the significance of the basement relief is tested by
comparison with forward calculated profiles. The coherency between observed anomalies and
theoretical anomalies acts as a statistical means of testing the significance of the contribution of

basement relief.
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Figure 3.11 Effect of a realistic basement topography on synthetic magnetic anomaly. (a)
Magnetic anomalies computed from a layer with topography as upper surface (see d) and its
base at 13 km depth with remanent magnetization vector (labelled R) and induced
magnetization vector (labelled I) and magnetization magnitudes of 0.8 A/m (solid lines) and
1.5 A/m (dotted lines). (b} Magnetic anomalies computed from layer whose base is at 10, 13
and 16 km (labelled) assuming remanent magnetization vector direction with magnitudes of
0.8 A/m (solid lines) and 1.5 A/m (dotted lines). (c) Magnetic anomalies computed from layer
whose base is at 13 km with remanent magnetization vector with magnitudes of 0.5, 0.8, 1.0
and 1.5 A/m (labelled). (d) Models used in (a)-(c). Realistic model parameters predict ~100

nT anomaly due to source layer topography.
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3.4 Formulation of the inverse problem

The forward problem provides a means of obtaining a model of the subsurface by
comparing an observed anomaly with an anomaly calculated from a proposed model. In contrast,
the inverse problem, or an inversion procedure, provides an ‘objective’ means of determining a
model directly from the observed anomaly without comparison of a forward calculated anomaly.
Nevertheless, in practice the final model is usually checked by forward calculation of the anomaly
and comparison with the observations in a similar fashion to the solution of the forward problem.

As discussed in section 3.1 the number of models whose magnetic anomalies match the
observed anomaly within specified statistical bounds provides a means of estimating the uniqueness
of the solution. In addition, the number of models whose parameters, for example spatial extent and
magnetization magnitude, fall within ‘sensible’ geological bounds can further reduce the number of
acceptable solutions and therefore the non-uniqueness. If these parameter bounds are relatively
narrow then the determination of the physical properties can provide useful geological information.
The solution of the inverse problem necessarily falls within these bounds. In particular, the non-
uniqueness bounds, whether statistical or geological, are critically dependent upon the assumptions
of the inverse procedure.

In the formulation of the problem, one of the first considerations is to determine the
number of unknown parameters and their relationship to the observed anomaly. The standard
procedure is to make reasonable assumptions concerning all but one of the unknown parameters
and solve for variations in the one remaining unknown. The means of obtaining the solution is
highly dependent on whether the unknown parameter is linearly related to the anomaly or not.
Linear inverse procedures are relatively easily accomplished, unlike non-linear methods. It is also
very commoﬁ to obtain a solution that is reliant on an initial estimate of the unknown, which is then
iteratively refined. In this case, it is crucial that the initial estimate is geologically plausible since
the final solution is normally a perturbation of an initial ‘guestimate’.

It is advantageous to repeat any inversion process more than once in order to produce a set
of solutions in which each member corresponds to a given set of reasonable assumptions. In this
way a whole suite of solutions that span a geologically reasonable set of model assumptions is
produced, although a narrower subset exists within the possible bounds in which the assumptions
are more probable, based on complementary evidence. The inverse problem is formulated such that

the assumptions are set to test a particular geological hypothesis in which variations in the
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unknown parameter are assumed to be greater than the variations in the assumptions. Here I
present two means by which the process of inversion of magnetic anomaly observations can

potentially provide quantitative information regarding the subsurface geology offshore Iberia.

3.4.1 Magnetization variation solutions

The variation in magnetization of subsurface rocks is highly dependent on the rock type
and/or the geological, geochemical and geophysical processes affecting the rock during or after its
formation. It is therefore worthwhile seeking a magnetization solution that can potentially provide
constraints on the subsurface geology. However, a magnetization solution can only be obtained if
some limitation relating to the spatial extent of the magnetic source is made, in the form of an
assumption. The easiest situation, in a mathematical sense, is for the source to be described by an
upper surface A(x) and a constant thickness hy. The upper surface is assumed to be the top of
acoustic basement and the thickness consistent with estimates of crustal thickness from wide-angle
seismic experiments. The latter assumption is dependent on the whole crust contributing to the
magnetic field. Oceanic crust that develops a layered magmatic structure can be approximated by a
block model of bulk magnetization (see section 3.3.3), likewise for continental crust (Frost and
Shive, 1986). In addition to the assumptions concerning the dimensions of the magnetic body, the
direction of the Earth’s field vector and the magnetization vector are required.

The two dimensional inverse solutibn of a magnetic anomaly, observed on a horizontal
track, is a magnetization function of distance along track, M(x), and obtained by the rearrangement

of equation (3.4) such that (Parker and Huestis, 1974),

(3.5)
S[M(x)]=

S[A(X)]elklzo oo ‘kln n
=Y ZQIM(x)- (h(x)—

where 3[f(x)] is the Fourier transform of the function f{(x), and V(x), zo and hq are defined in section
3.1. In practical terms, a solution to M(x) is obtained by iterative refinement of a given initial
estimate of the magnetization. Moreover, the practical implementation must be highly dependent on
the convergence of the infinite sum in equation (3.5). Parker and Huestis (1974) have shown that

the infinite sum converges most rapidly if the arbitrary reference level, z, lies midway between the
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highest and lowest points of the topography, A(x). In contrast, the iterative inverse procedure
converges most rapidly if the reference level lies just above the highest topographic point. The
practical means of achieving convergence of both the infinite sum and the iteration is by applying
an appropriate adjustment of levels at each stage. The summation is carried out assuming a
temporary origin in the optimum position for convergence of the sum, after which it is effectively

upward continued to the optimum level for convergence of the iteration, the difference in levels

being given by h . The two reference levels, for optimum convergence of summation and iteration,

respectively, are therefore given by,

Z,(x) = max(h(x)) - h (3.6)
and

z;(x) = |max(h(x))| (3.7)
where,

h = L|max(h(x)) — min(A(x))| (3.8)

The practical inversion procedure is thus given by,

i & A (3.9)
(M, (0]=9[M,x)]-F, (k){e e ;'n—I!S[Mj () (h(x) - z,)" |- 3| M, (x)]}
where,
, , Iklz, (3.10)
S[MO (x)] _ Fy(k)- F (k) S[A(x)]e

L pof1- e Vi)

and Fyu(k) and Fy(k) are high-cut and low-cut wavenumber domain filters respectively. The
application of a high-cut filter is necessary in order to reduce the short wavelength (high
wavenumber) amplification generated by (1) the term in the infinite sum (equation (3.9)), and (2)
spurious high wavenumbers in the anomaly, A(x) (equation (3.10)). The application of the low-cut
filter is necessary in order to reduce the long wavelength (low wavenumber) instability generated

by the bracketed denominator term in equation (3.10). In reality, removal of the mean and
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wavenumbers corresponding to k = 0 is sufficient.

The solution in equation (3.9) is initiated by allowing the first term, M,(x), to be equal to
zero and then proceeding with the computation of a second estimate of the magnetization
distribution, M,(x), which is only dependent on the term My(x). It is worth mentioning that M(x) is
effectively the magnetization distribution in a uniform layer possessing flat upper and lower
surfaces. Schouten and McCamy (1972) describe the process of retrieving a magnetization solution
in a uniform layer as simply the product of the anomaly with an earth filter and a phase filter in the
wavenumber domain. Here, the phase filter is given by V(x) and the earth filter by the other terms
in equation (3.10), excluding the high-cut and low-cut filters Fy(k) and Fy(k). Calculation of terms
M;(x) and higher introduces perturbations in the magnetization distribution caused by the presence
of the topography which are not included in the method of Schouten and McCamy (1972). The
final magnetization solution, M,,.(x) is given by Mj,;(x) and can be defined by one of the methods;
(1) when the difference between M. ;(x) and M{(x) is less than a given tolerance; (2) when the RMS
residual between the forward calculated anomaly at the (j+1)™ step and the forward calculated
anomaly at the j step is less than a given amount; (3) when j = g. If neither the first nor the second
condition is satisfied whilst j < g, then the third condition will be applied, simply to reduce the
running time of inversions. In all the models in this thesis g = 21.

The magnetization, M(x), does not have a unique solution because of the potential presence
of a magnetic annihilator (Parker and Huéstis, 1974). For a layer of finite extent no exact
annihilator exists, but a distribution, A(x) which produces minimal magnetic field can be found by
defining M,(x) = 1 in equation (3.9). The resultant magnetization solution which satisfies equation
(3.9) is thus M(x) + aA(x), where o is any scalar. The fact that the mean value of A(x) is unity
implies that there is a bias in the magnetization distribution. In reality this may exist if the profile
crosses over crust of predominantly one polarity, such as over continental crust whose induced
magnetization is dominant. For profiles over oceanic crust, a mean level of zero is expected if equal

amounts of normally and reversely magnetized crust are crossed.

3.4.2 Retrieval of a magnetization solution from synthetic total field magnetic anomalies.

To illustrate the capabilities and limitations of the inversion procedure, synthetic magnetic
anomalies have been generated by the space domain forward method, and then inverted by the

method described above. Calculated theoretical anomalies of potentially realistic models of the
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subsurface can aid the interpretation of observed anomalies by the inverse method. In addition,
numerical examples contribute to the development of such methods, although this is not a priority
of this thesis.

The most trivial solution is one in which the method aims to retrieve the magnetization of a
block model of constant magnetization and with horizontal upper and lower surfaces, providing the
magnetic field observations are made on a horizontal level. Alternatively, a perfectly draped survey
is an equivalent geometry. Practically this will never be achieved at rifted continental margins due
to the large thickness of sediments, and only in rare cases nearer to oceanic accretionary axes. This
most trivial solution is akin to the solution given by Schouten and McCamy (1972) or the solution
given here in which M,.«(x) = Mx(x). The degree to which the method can retrieve the ‘correct’
solution here represents the best possible situation. Inclusion of higher order terms due to a
topography necessarily creates a more complex model whose anomaly is more difficult to invert
with the same degree of success.

The inverse method was tested through the use of synthetic forward calculated anomalies
shown in Figures 3.9 and 3.10. The corner wavelength of the high-cut wavenumber domain filter is
particularly critical; solutions in which the corner wavelength is similar to, or greater than, the
~ depth to basement, match reasonably well with the true magnetization, although the range in degree
of mis-match with the actual magnetization distribution is variable (Figures 3.12a,b and 3.13a,b).
An optimum filter exists where there is enough high wavenumber content to describe narrow
magnetization changes without introduction of too much high wavenumber energy. For a magnetic
field calculated 7 km above the source and filter cut-off wavelengths of ~5 km, the reversal
sequence for a model whose spreading rate is 10 mm/yr is reasonably well retrieved (Fig. 3.12b).
Ideally, reversal boundary locations between magnetic anomaly blocks are defined on the basis of
local zero crossings (e.g. Channell et al., 1995), but in reality narrow anomaly blocks are implied
by smaller amplitude deflections of the solution that do not cross the zero line (e.g. Fig. 3.12b, 90
km).

Magnetization solutions based on the inversion of the field at a distance of 2 km above the
source are able to retrieve the theoretical model with much better precision. The reason for this is
that higher wavenumber components, that represent sharper magnetization transitions, are more
stable due to the closer proximity of the observation plane to the source. Even at spreading rates as
low as 6 mm/yr the method can retrieve the reversal sequence in terms of position of boundaries

and amplitudes of blocks (Fig. 3.13). However, the presence of higher wavenumbers in the solution
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necessarily makes the solution very ‘ringy’ due to Gibb’s phenomenon. In addition to reversal
boundaries, the amplitude of magnetization variations is retrieved to greater relative precision.

The examples above, although tested on models of oceanic crust, are used to demonstrate
that the inverse method can successfully retrieve a magnetization solution if sensible assumptions
are made. The method has greater potential success for use on near-bottom observations due to the
ability to pass a greater amount of high wavenumber energy with lesser degrees of spurious
amplification. In both cases the method demonstrates that a reasonably accurate model can be
obtained from a quantitative analysis of the anomalies rather than qualitative identification of

anomalies which provide relatively little information.

3.4.3 Layer thickness variations

Unlike the inverse procedure for calculation of a magnetization solution, the equivalent
procedure used for the calculation of layer thickness variations has not been developed and applied
to the same extent. There are two main reasons for this: (1) the main emphasis of marine magnetic
surveys has been to recognize seafloor spreading anomalies in oceanic crust, over either on-axis
crust or normal thickness off-axis crust; (2) the inverse problem is non-linear and therefore much
more difficult to apply. However, Louvel (1995) and Louvel et al. (1997) formulated the problem
to help resolve and constrain the structure of the Goban Spur continental margin.

The equation of Parker (1972; equation 3.1) forms the basis for the formulation of the
problem. Instead of the assumption of a constant source layer thickness, here the aim is to describe
the thickness, #(x), based on the assumption that the source layer possess a constant magnetization
magnitude and direction. Equation (3.1) can therefore be rearranged and manipulated so that the

layer thickness becomes the subject of the equation,

Figure 3.12 (next page) Degree with which inversion of synthetic magnetic field can retrieve true
magnetization structure as a function of spreading rate (SR) and high-cut filter corner wavelength (F).
Upper panels show synthetic anomalies (computed 7 km above source; solid lines) from Fig. 3.9
(spreading rates of 6 mm/yr and 10 mm/yr) and recomputed anomaly derived from inverse model (dotted
lines). Lower panels show true normal-reversed magnetization (dotted lines) and computed (inverted)
magnetization (solid lines) (a) SR=6 mm/yr, F=7 km; (b) SR=10 mm/yr, F=7 km; (c) SR=10 mm/yr, F=2

km. See text for discussion.
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Figure 3.13 (previous page) As Fig. 3.12 except anomalies computed 2 km above top of source layer (Fig.
3.10) and (a) SR = 6 mm/yr, F = 5 km; (b) SR = 6 mm/yr, F = 2 km; (c) SR = 10 mm/yr, F = 2 km. See text

for discussion.

S[A(x) el (3.11)

SOl o
20

k
|k|2'| [(h(x) = 26)" = (h(x)— 1(x) ~ 25)"]

where 3[f(x)] represents the Fourier transform of the function f{x), #(x) is the magnetic source layer
thickness, h(x) is the source topography, A(x) is the observed anomaly, M, is a constant
magnetization, zo is an arbitrary reference level and V(k) defines the direction of the magnetization
and Earth’s field vectors as in equations (3.2) and (3.3). The function g(x), the basal source layer
surface, is related to the upper surface by g(x) = h(x)—t(x). This form of the equation differs
slightly from that of Louvel et al. (1997) in that here I adopt a positive z-axis upwards, and I make
no assumption regarding the reduction to the pole of the field. The practical implementation of the

iterative Fourier procedure is thus given by,
3[t;., (0] =1, (0] - Fy (k){lk| Y- s [(h(x) = 20)" = (h(x) = £;(x) = 25)"]- 9t (x)]}

(3.12)

where,

F, (k)F, (k)S[A(x)]e™® (.13)
U V(KM

37, (0] =

and Fy(k) and Fi (k) are high-cut and a low-cut filters respectively. As with the inversion for
magnetization, an analogous iterative procedure is adopted, namely the j™ estimate of £(x) is used to
compute a (j+1)" estimate. However, some important differences between the methods exist. The
convergence of the infinite sum in equation (3.12) is dependent on both the depth to the top of the
source, h(x) and the depth to the base of the source, g(x), and therefore the sum can be explicitly

represented by two separate summations whose optimum levels for convergence are at different
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positions. As pointed out by Parker (1972), the summation in the forward solution in equation (3.1)
is uniformly convergent and achieved most readily if the reference level is midway between the
highest and lowest points of A(x), if the source layer is of constant thickness. However, if the depth
to the base is also a variable, then the convergence of the summation is most readily achieved if the
reference level is midway between the highest and lowest points of both A(x) and g(x)
simultaneously. This can be clearly seen by considering the Fredholm integral equation (see Parker

and Huestis, 1974) which suggests that the rate of convergence is improved by minimizing

l(h(x) -2, ), and ‘(h(x) —1,(x)— 2z, )l . The optimum level cannot be achieved in both cases for a

singular valued reference level, zo, and therefore I have adopted two procedures to test the
convergence of the sum: (1) since g(x) is in part governed by the outcome of #{x), the optimum
stable reference level will be a function of j, due to the outcome of the iteration, and has therefore
been chosen arbitrarily to be midway between the highest and lowest points of the upper surface,
h(x). This means that z; is described by z; in equation (3.6); (2) not dissimilar to the adjustment of
reference levels between those for optimum convergence of the summation process and iterative
processes (equation 3.9), an adjustment of levels is applied to the component parts of the
summation in equation (3.12). Because of the additive properties of Fourier transforms and

summations, the new iterative procedure is thus given by,

_ 1 2
S[th (x)] = S[IO (x)] ~-F, (k){e-lklhl ﬁgz‘v;—l!g[(h(x) -z )n]

(3.14)

i, |]lc|z|k|" S[(h(x)—t (x)-z,)" ] [tj(x)]}

where the reference levels for the convergence of the iteration, convergence of the first summation

and convergence of the second sumrnation are given respectively by,

z; = 2, = |max(h(x))|, (3.15)
2, = max(h(x)) - hy, (3.16)
Z;, = max(h(x)—1t;(x)) - ﬁz 3.17)
and the adjustment factors are given by e Mh and e_'k“72 ,where,

= L|max(h(x)) — min(h(x))| (3.18)
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y = 4|max(h(x) — 1;(x) ~ min(h(x) ~ 1, () (3.19)

As a result of these complications, and the lack of previous detailed studies (Louvel, 1995; Louvel
et al., 1996), it is very difficult to establish any analytical means of ensuring convergence of both
the iteration and the summation.

The convergence of the iteration procedure is of paramount importance to the solution of
the inverse problem. As discussed by Oldenburg (1974), there is no control over the convergence of
the iterative procedure and it is further complicated by the nonlinear nature of #(x) on the right of
equation (3.14). Louvel et al. (1997) chose a method for obtaining apparent convergence in which
the RMS residual between successive estimates of #(x) is less than a given quantity, which is large
enough to avoid the generation of fictitious high frequencies. However, my further analysis (see
next section) of this method has shown that the inversion procedure ceases at the beginning of the
inversion process because of the unreasonably high RMS error threshold between successive
estimates of 7(x). The effect is that convergence is not tested and therefore cessation of the
procedure can occur, even with a strongly diverging solution, providing successive thickness
estimates fall within the specified limit. It is in fact the high wavenumber oscillations that
characterize most diverging solutions and the straight-forward application of the inversion without
sensible filtering operations can rarely be applied successfully. Only in the case of a topography
with a small enough relief will high wavenumbers make a sufficiently small contribution. However,
even if this is achieved by filtering of the top basement depth and magnetic anomaly data profiles,
the solution is still likely to contain fictitious amplified high wavenumbers created by the
‘downward continuation’ term in the numerator of the first term in equation (3.13), and the
summation terms in equation (3.19). Attempts at employing this inversion procedure are presented

in section 6.1.2.

3.5 Chapter summary

This chapter has dealt with the theoretical, methodological and experimental aspects of
magnetic anomaly analysis by the indirect method of interpretation. The following conclusions can

be drawn from this chapter,
(1) The forward and inverse problems can be formulated in such a manner as to test a given

geological hypothesis. This is achieved practically by the application of realistic model

assumptions.
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(2) The uniqueness of a solution is highly dependent on a priori information, theoretical
assumptions, ‘goodness of fit’ criteria, and the translation of the physical model into a geological
context.
(3) Although realistic subsurface bodies have finite along-strike length, 2-D models are good
approximations to 2.5-D bodies, with errors less than 5% when model half-strike lengths are 20 km
or greater. The effect of finite strike length can be up to 50% less for near-bottom observations
compared with sea surface observations.
(4) Vertically sided block models with uniform magnetization in the range 0.7 A/mto 1.2 A/m are
good representations of a realistically layered oceanic crust. The error introduced by the
approximation is less than 5% when anomalies are calculated at a distance of 2 km from the source
representative of near-bottom observations, and considerably less than this for anomalies calculated
at distances representative of sea surface observations.
(5) Seafloor spreading anomalies, associated with chrons in the range CM4 to CM29, cannot be
seen at the sea surface as isolated anomalies at spreading rates less than at least 16 mm/yr. In
contrast, observations made at a distance of 2 km above the source layer are able to isolate major
individual anomalies at spreading rates of 8 mm/yr or more.
(6) Realistic topographic variation in the upper surface of a source layer, whose magnetization is
realistic, can produce sea surface anomalies with significant peak-to-trough amplitudes. This
emphasizes the need to include magnetic source layer topographic variations in models, especially
when working with profiles collected at near-bottom altitudes.
(7) Seafloor spreading reversal sequence magnetization solutions for spreading rates of 10 and 6
mm/yr can be retrieved by the inverse method, from sea surface and near-bottom observations
respectively, providing realistic model and theoretical assumptions are made.
(8) The inverse method of retrieving magnetic layer thickness variations is difficult to apply
because of theoretical problems associated with the convergence of a non-linear problem. Further
development and analytical considerations to improve and successfully implement the method are
beyond the scope of this thesis.

In particular, the work in this chapter has contributed to the aims of this thesis in that the
methods adopted for analysis have provided information, and can provide further information,

regarding the nature of the potential/hypothesized basement offshore West Iberia and

Newfoundland.
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Chapter Foigr

Direct and gradient magnetic interpretation
methods: Methodology and application to

theoretical anomalies

In an analogous manner to that of Chapter 3, the purpose of this chapter is to introduce
the theory and methodology of the indirect magnetic interpretation methods, and to apply the
methods to forward calculated anomalies in order to monitor their limits and resolving powers.
The segregation between indirect and direct methods, although in some cases somewhat
artificial, is based upon the degree and type of assumption made. Here, I classify direct
methods as those which facilitate less restrictive assumptiohs concerning the physical, sensu
stricto nature of the source, i.e., no specific assumption concerned with source geometry and/or
magnetization vector is necessary. The definition excludes assumptions concerned with the
sensu latu nature of the source, such as the dipolar nature of the source magnetization vector
or its distribution being fractal in nature. Although the distinction between types of assumption
is rather subjective, the methods presented in this thesis are classified based essentially on the
type of estimate made concerning the nature of the source. In addition, many of the direct

interpretation methods involve the use of the gradients of the magnetic field.
4.1 Depth estimation of magnetic source bodies

Of all the unknowns concerned with a subsurface magnetic structure, knowledge of the
depth to magnetic source bodies can strongly constrain the origin of such bodies, and perhaps
even constrain geological models concerned with the formation and development of the local
subsurface. In particular, estimates of magnetic source depths from observed magnetic field
measurements in the southern Iberia Abyssal Plain may provide information that can
distinguish between previously hypothesized models of development of the West Iberia
continental margin (section 2.3.2). The rationale comes from the fact that the expected depths
of the magnetic sources, and in particular the range and precision of estimates, from each of the

three geological models, are likely to be mutually exclusive (sée Chapter 2). Moreover, the
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analysis of anomalies in this way may provide information which supports a new or revised
geological hypothesis for the development of the rifted margin in the southern IAP. A
disc%ssion of this nature is dealt with in Chapters 6 and 7.

Two methods of determining source depth from magnetic anomaly charts and profiles
are used. Firstly, the analysis and interpretation of power spectra, a wavenumber domain
approach, and secondly, the method of Euler deconvolution, essentially a space domain
approach with some minor wavenumber domain considerations. The latter can also provide
~ information concerning the along axis or spatial extent of magnetic sources, and it is therefore
potentially a very powerful tool for not only determining source depth but also source position.
In the following sections 1 give an account of the theoretical and methodological aspects of the
two methods. In addition, the potential success of each method is analyzed by its application to
theoretical anomalies, forward calculated from realistic models by the method described in

section 3.1.
4.1.1 Formulation of the ‘traditional’ power spectral method

Spectral analysis of potential field data has been used successfully and extensively
_over the last three decades to estimate the depths of typical magnetic sources, such as the top of

basement (e.g., Bhattacharyya, 1966; Naidu, 1968; Spector and Grant, 1970; Hahn et al.,
1976; Connard et al., 1983; Garcia-Abdeslem and Ness, 1994). The aim of this study is to
determine the depths of magnetic sources on sub-crustal and sub-lithospheric scales along
profiles and in regions where coincident seismic reflection profiles exist. Good quality seismic
sections enable the application of further constraints on the depth to top basement.

The method is based on the expression for the radially averaged power spectrum of the
total field magnetic anomaly produced by a uniformly magnetized rectangular prism
(Bhattacharyya, 1966) buried at a depth , of thickness ¢, length a, width b, and magnetization
vector M. The power density spectrum is defined as the Fourier transform of the

autocorrelation function of an anomaly, ®(x). This simply translates as the square of the

amplitude spectrum in the wavenumber domain, |3[A(x)]|2 = J[A)]S[AX)], whilst

‘radially averaged’ means that powers for equal lengths of the wavevector are averaged
radially, as a function of 6, thus applying no bias to any particular wavevector direction. This
simplification means that a 2-D spectrum is transformed to a 1-D spectrum by the elimination

of the 8 dependence, and the shape of the power spectrum then becomes independent of the
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direction of the local geomagnetic field and the direction of magnetization, M. The orthogonal
wavevectors k, and k, are therefore represented by the wavenumber, k = , /kf + kf .

The power spectral expression of the total field magnetic anomaly produced by a
uniformly magnetized rectangular prism, first given by Bhattacharyya (1966), was successfully
extended by Spector and Grant (1970) to model in excess of one prism, thus rendering the
method practical. In their method, a magnetic layer is modelled, in a forward sense, by
assuming that it consists of an ensemble of vertical prisms characterized by a joint probability
distribution of the parameters k, ¢, a, b, M, and the local geomagnetic inclination, /, and
declination, D. Based upon the assumption that the parameters of any one block obey the
probabilities common to the entire set, and that the probability distribution of each parameter is
uniform, the method of Spector and Grant (1970) predicts that the shape of the power spectrum

of the anomaly is dependent on ensemble depth, thickness and horizontal extent, such that,
(Pasa (00) = Co(HUO) (T () (S))" @D

where, Cy is a constant equal to ()L,M,/ 27t)2 , {*) means mathematical expectation, and H(k),
T(k) and S(k) are probability distribution functions for the depth, thickness and horizontal
extent parameters, respectively. The depth parameter is invariably the dominating factor in the
power spectrum, and that the thickness factor plays an interesting, but lesser role in shaping the
power spectrum (see below). The effect of horizontal extent is to slightly perturb the effect of
the depth parameter, but its effects are not considered here. The explicit forms of H(k) and T(k)
are e ™and (1—e™), respectively, and in addition, if the ensemble parameter probability
distributions are assumed to be uniform and rectangular, their expectations can be
approximated by the very same functions for relatively small wavenumbers. The power
spectrum, in explicit form, is thus given by,

P, (k) = C, exp(—2hk)(1 - exp(~tk))’ 4.2)

and its logarithm by,

I[P, (k)] = K, — 2hk +21n[1 —e ™ (4.3)
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where K, is a constant. It can be seen that the shape of the natural logarithm of the power
spectrum is dominated by the average depth of the ensemble, 4, such that the slope of a plot of

In[P.0a(k)] against k is given by -24. Figure 4.1 is used as an example.
The shape of the power spectrum is modified slightly by a finite thickness, ¢, only at

low wavenumbers when k < 1/t . The effect of the third term on the right hand side of equation

(4.3) is to introduce a peak in the log spectrum at a wavenumber, k, = 2m/A, . It has been

shown by Blakely (1995) that,

15 1 I 1 ]
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‘crustal’ signal
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Figure 4.1 Natural logarithm of the power spectrum of the magnetic anomaly
generated by a block model whose characteristics are: upper surface at a depth

of 7 km, thickness 7 km, magnetization 0.7 A/m (see figure 3.6). The power
spectrum is described by two bands: at wavelengths > ~5 km a crustal (geological)
signal, whose slope corresponds to a depth of ~8 km, dominates the spectrum; at
wavelengths < ~5 km a white noise dominates the spectrum.
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_Inz,-Inz (4.4)

kt
i~

where z, = h is the depth to the top of the source and z, = h+1 is the depth to the base of
the source. Figure 4.2 shows how a theoretical 1/A, varies with sensible changes in z, and
2, . Blakely (1995) also notes that the solution of this problem is one of the most difficult tasks
in potential theory; z, cannot be determined independently of z,. With this in mind, I have

attempted to obtain a solution to the layer thickness problem by trial and error solution of

equation (4.3) by calculating values of k, = 27/A, based on sensible estimates of thickness.

Consider the power spectrum of Figure. (4.1). Blakely’s (1995) method predicts that
k, = 0.1 (for the model described in Fig. 4.1) and therefore 1/A, =k, /2w = 0.016 . This is in

fact a reasonable estimate since the first ‘peak’ of the power spectrum in Figure 4.1 occurs in

the range 0.015 < 1/A < 0.023.

0.07

0.06

o °
? &

inverse wavelength (1/km)
o
[=2
w

0.02

0.01

thickness (km)

Figure 4.2. Theoretical inverse wavelength variations with change in layer thickness for a body whose
depth to the top, h=5 km (thick lihe) and h=10 km (thin line). Thicknesses of 20 km or more may be
assumed to be infinite. Realistic changes in thickness in the range 10 > ¢ > 2 have corresponding

changes in inverse wavelength of only 0.03.
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Although a theoretical maximum exists at k, , it is often the case that a peak cannot be

distinguished in real data (see spectra modelled in Chapter 5). This may occur due to any one
or more of the following reasons: (1) the peak occurs over a very narrow wavenumber range
and is therefore aliased due to windowing effects in the ensemble averaging process during the
computation of the power spectrum (Wessel and Smith, 1991); (2) the base of the layer is at a
depth whereby its contribution to the magnetic field, and therefore power spectrum, is
negligible; (3) for cases of multiple ensembles (see later) the peak is indistinguishable from the
depth effects of a deeper ensemble (at smaller wavenumbers); (4) the effects of the lateral width
of the ensemble interfere with effects from thickness. It will be shown in chapters 5 and 6 that
the success of determining ensemble thickness from real and synthetic power spectra is very

variable. The best approach is to make a sensible estimate of ¢, and compute k, via equation

(4.4). If there exists a significant peak at the correéponding inverse wavenumber, the estimate
of ¢ may be valid, i.e., a trial and error procedure must be adopted.

Of particular importance to this study is the extension of the method described above
to one in which multiple ensembles can be analyzed. This was first developed by Spector and
Grant (1970) based on the concept of ensemble averaging, in which they state that the power
spectrum over two or more ensembles is simply given by the summation of the individual
power spectra due to each ensemble. Thus, although with no theoretical grounding', the log
power spéctrum of a double ensemble, for example, consists of two parts defined by two

distinct slopes corresponding to two ensembles of sources at depths k; and hy,

T K, —2hk k> k, o
n[ mod )]— Kz—2h2k+21n[1—e"2k],k<kb

where h, > h,, K, >K,and t, is the thickness of the shallower source. In this case the
maximum associated with the thickness of the shallower layer will occur at (k, —k,). For

example, consider a 3-D subsurface source distribution consisting of two sets of randomly
distributed cuboid bodies; the depth to the top of one set'is 5 km and the other 10 km. All
bodies have thicknesses of 2 km, magnetization magnitudes of 0.7 A/m, and vector directions
typical of some sources west of Iberia (Galdeano et al., 1989; Fig. 4.3a). The power spectrum

of the resultant field in the > 5 km band contains both depth and thickness information for the

! For the three power spectra givenby P, = P, + P, InP, = ln[PB + Pc] #InP,+InF..
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two sets of sources. Practical interpretation is best achieved by hand; automated best-fit

algorithms do not have the ability to interpret typical signal characteristics.
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Figure 4.3 (a) Forward calculated two dimensional total magnetic field (contours at 25 nT)
computed over a synthetic subsurface in a 128x128 km grid. Sources belong to two sets;
those whose upper surfaces are at depths of 5 (light grey) and 10 km (dark grey); all bodies
are 2 km thick.(b) Logarithm of the power spectrum of the field generated in (a). A and B
represent the slope of the log spectrum generated by the upper and lower sources with
estimated depths of 3 km and 7.5 km, respectively. C represents the best positional
estimates of the thickness markers for upper source.
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The presence of peak C (Fig. 4.3b) at relatively high wavenumbers in the ‘crustal’
band may be indicative of a two source system. Therefore the spectrum can be divided into two

sections either side of 1/A, =0.115. A depth of 3 km is determined from the slope of the

spectrum in the band greater than 0.115 km’'. The presence of a peak necessarily creates an

underestimate in A, . Providing the peak, C, in Figure 4.3b is associated with k,, a trial and
error procedure for determining layer thickness suggests (k, —k,) = (1/A,)—(1/A,) values

of 0.04, 0.03 and 0.04 km for layer thicknesses of 2, 5 and 10 km, respectively. An estimated
value of 0.03 therefore suggests a layer thickness of 5 km. However, as indicated in Figure 4.2,
the layer thickness is extremely sensitive to very small changes in inverse wavelength, and
therefore the method cannot be used to determine the layer thickness of the shallower source.

The depth to the deeper set of sources is estimated at 7.5 km, suggesting 1/ A, values of 0.016,

0.015, 0.014 and 0.012 km™ for layer thicknesses of 1, 2, 5 and 10 km, respectively. The
errors involved in choosing the correct inverse wavelength value are greater than the variation
caused by thickness variations of considerable geological significance. The method can
therefore only be used to estimate orders of magnitude, such as determining the order of

magnitude of the depth to the Curie point isotherm.
4.1.2 Probability distributions of magnetic source layer parameters

The interpretation of the power spectrum of a total field magnetic anomaly is
dependent upon the correct description of the magnetic layer in terms of the probability
distribution functions of its parameters. In the last section it was shown that the slope of the
power spectrum is proportional to the depth to the source, and that the source layer thickness is
retrievable, at least theoretically if not always practically. However, the retrieval of the correct
depth and thickness is based strongly on the probability distributions of the functions H(k) and
T(k) from equation (4.1), and consequently, the explicit forms of {H(k)) and (T(k)) may be
significantly modified by a realistic change in distribution.

The method of Spector and Grant (1970) (section 4.1.1) is based upon a uniform
rectangular probability distribution of the ensemble parameters, that is, the depth is described
by h* Ah, and the thickness by t% Az, where Ah<< h and At <<t. Because of the
indeterminable nature of the problem, there is no reason to doubt that a distribution of this sort
exists, but by the same token, the distribution may take another form. One such statistical

variant of the method has been proposed by Garcia-Abdeslem and Ness (1994), in which they
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assume the model parameters are described by a Gaussian distribution. The depth is therefore

described by a mean, 4, and a variance, 6,21 , and the thickness described by a mean, ¢, and a

variance Gf . The expectations of the parameter functions are thus given by (Garcia-Abdeslem

and Ness, 1994),

(H(k)) = exp(~hk + ko) 4.7)
and,
(T(k)) =1—exp(-tk ++k’c?}) (4.8)

It can be seen that once evaluated, the logarithm of the power spectrum is much more complex
than the uniform distribution case. In order to reduce the complexity of the problem, the effects

of layer thickness are assumed negligible and the logarithm of the power spectrum is thus given

by,

In[P,.. (k)] = K, - 2hk + k*C;, (4.10)

In real terms, the assumption of a negligible layer thickness term is valid based on the four
points mentioned in section 4.1.1. Moreover, the depth to the source can provide potentially
more information with respect to the geological nature of the subsurface, and is generally more
accurate than a thickness estimate.

A comparison, in terms of practical application to real data, of the modified power
spectral method presented here with that of Spector and Grant (1970), suggests that both
methods have their relative advantages and disadvantages. The Spector and Grant (1970)
method is advantageous in that it can easily retrieve multiple depth estimates of a multi-layer
model, which potentially do occur in nature, and in some cases a layer thickness can be
retrieved. However, the choice of wavenumber at which the rate of decay of the power
spectrum changes, i.e., at k; , is rather subjective, and likewise the slopes of the straight line
segments are determined in a forward sense. In the same way, the location of the maximum
associated with k, is hard to resolve.

In contrast, the method in which a Gaussian parameter distribution is assumed is less

easily applied, in a forward sense, due to the non-linear relationship between ln[Pmod (k)] and

k. However, the method provides additional constraint in that an estimate of Gi (the variance
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of &), and therefore a measure of the spread of the forward calculated depth estimates, can be

made. If a magnetic source layer possesses a topography, G, can provide a measure of the

maximum range in the topographic variation. In particular, the ‘Gaussian method’ is more
conveniently applied in an inverse sense whereby objective but independent estimates of 4 and

O, can be made.

4.1.3 Scaling nature of crustal magnetization and power spectra

By implication, the method described in section 4.1.1 is necessarily identical to
downward continuation (e.g. Parker, 1972; Schouten and McCamy, 1972) of the field until the
power spectrum is flat, i.e., all wavenumbers contribute equal amounts to the power of the
signal; the distance of continuation is thus equal to the depth to the top of the source, and is
often called the ‘white depth’ (Hahn et al., 1976). Implicit in this technique is the assumption
that magnetic sources at different depths are statistically uncorrelated, i.e., there exists no
scaling or fractal relationship between length scales (in this case represented by wavenumbers).
The commonly considered case of a ‘white noise’ is an example of this phenomenon.

In recent years it has been suggested that a statistical correlation, or self-similarity
(Mandlebrot, 1967), exists between the different wavenumber components of the magnetic field
(Gregotski et al., 1991; Pilkington and Todoeschuck, 1993; 1995). This correlation can -
therefore be described by a spectral exponent, v, of the wavenumber, k. If the magnetic source
parameters also exhibit fractal behaviour (Pilkington and Todoeschuck, 1993; Maus aﬁd
Dimri, 1994; 1996), and have Gaussian probability distribution functions, then the models of
Maus and Dimri (1996) and Garcia-Abdeslem and Ness (1994) can be combined in a manner

stmilar to that of Zhou and Thybo (1998),

Pyos(k) = C;k 7" exp(—2hk + ko) (4.10)
The natural logarithm of equation (4.10) is thus,
In[P,., (k)] =InC; - yInk - 2hk +k*c;, 4.11)

which is solved by the method of least-squares inversion and is dealt with, theoretically, in

Appendix 1L
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In addition to the sought solutions of A, and a measure of its spread, 6,21 , the solution of

the scaling exponent, Y, may also [indirectly] provide additional geological information.
Although the exponent, v, is a measure of the scaling behaviour of the field, it has been shown
to be related to the scaling exponent of the source distribution, 8 (notation after Turcotte,

1992), such that (Maus and Dimri, 1994),
Bau=Bw+1=|311)+2=710+2=720+1 (4.12)

where subscripts denote the dimensionality of the source (°s) or the field (y°s).
An estimated value of ¥ can also provide a measure of the two dimensionality of the

source. It has been shown directly in a number of cases that v,,, =3 (Gregotski et al., 1991;
Pilkington and Todoeschuck, 1993, 1995) and ¥,, =2 (Pilkington and Todoeschuck, 1993).
Providing the theory of Maus and Dimri (1994) is correct, this necessarily implies B, = 4.

Therefore, estimated y,, values from the power spectra of magnetic profiles, and vy, values

from the power spectra of magnetic charts can provide some indication of any anisotropic
magnetization distribution. However, more recently it has been suggested that crustal
magnetization does not follow a constant scaling law with a constant scaling exponent

(Leonardi and Kumpel, 1996; Zhou and Thybo, 1998).

4.2 Euler deconvolution

\ The spectral methods of section 4.1 can be used to make estimates of the depths to
magnetic sources in a statistical sense. In a different manner, the method of Euler
deconvolution, which combines depth estimation with source body location, belongs essentially
to the class of gradient methods.

A potential field can be described as the convolution of a source distribution with a
function which is dependent upon the assumptions of potential theory. If this function can be
determined, then the determination of the source distribution is implicitly a convolution of the
observed field with the inverse operator, i.e., a deconvolution. The determination of the
mathematical expression of the operator relies upon a potential field satisfying Euler’s
equation. Theoretical considerétions are dealt with in the next section.

Methods of both three-dimensional and two-dimensional Euler deconvolution are

applied to magnetic anomaly charts and profiles, respectively, to determine source depth and
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position simultaneously. The following sub-section deals essentially with the 3-D method,

which is then reduced to the 2-D case.
4.2.1 Theoretical and methodological considerations

Thompson (1982) and Reid et al. (1990) have shown that a homogeneous three-

dimensional magnetic field satisfies Euler’s equation such that,

PR Ty TR TR T A N=0 (4.13b)

where the position of the magnetic source is described by (x,,y,,2,), and the total field, 7,
whose background is B, is measured at a position described by (x,y,z). A represents a

function dependent on dip and strike of a source body. N, the negative of the degree of
homogeneity (1) of the field, and also of Euler’s equation, is given by 0 < N <3, and is
referred to as a structural index (SI, Thompson, 1982). The SI is a measure of the rate of
change of the field, with respect to distance, and is therefore dependent.on the geometry of the
source. A source in this context is a description of a particular feature, usually a subset of a
larger magnetic body, that gives rise to a specific anomaly with a specific fall-off rate (rate of
change of field with respect to distance). Simple examples include the edges or corners of
bodies. The meaning and interpretation of SI will be considered later.

The practical application of 3-D and 2-D Euler deconvolution to magnetic anomalies is
achieved through the method of least-squares inversion. As briefly outlined by Reid et al.
(1990), the 3-D method of determining the position of magnetic sources in a region is applied

to gridded anomaly data as follows,

aT aT

aT : — .
1) The partial spatial derivatives, — , — and —, i.e,, the directional gradients of the
ox  dy 0z

magnetic anomaly, are calculated in the wavenumber domain (see Appendix III) at each grid
location by use of the Fast Fourier Transform. Each grid cell therefore has a total field

measurement and three estimates of the spatial derivatives.

2) A subset of the gridded anomaly and its three spatial derivatives is extracted, in the form of
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a window of size n by n grid cells.

3) A value of N is chosen, either arbitrarily or to best describe a geologically likely source type.
Together with the n” sets of points from step 2, either equation (4.13a) or (4.13b) is solved to

determine the source position (x,,y,,Z,) depending on the value of N chosen. In addition to

source position, B and A in equations (4.13a) or (4.13b), respectively, are also unknown

variables and are therefore included in the solutions of the respective equation. The solution of

the n® equations is obtained in a least-squares sense, providing n® >4, whereby the error
energy between the known observations and the computed model is minimized (see Appendix

II1).
4) Repeat steps 2 and 3 for all possible window positions in a given grid.

5) If the nature of the source is unknown, repeat steps 2 to 4 for a range of structural indices.

4.2.2 A 2-D approach

The reduction of the 3-D problem to one of two dimensions relies on the second term
on the left of equation (4.13) being identically zero. If the assumption of two-dimensionality is
made, i.e. the body extends infinitely in both positive and negative y-directions, then

0T/dy = 0. An alternative assumption is one in which the profile is assumed to pass directly

over the centre of a body, of finite extent, striking in the y-direction. Such transverse symmetry

necessarily implies that y—y, = 0. Either assumption necessarily results in the 2-D Euler

equation,

( )8T+( )E)T_ N(B=T), N>0 (4.14a)
TG TR TR T A, N=0 (4.14b)

As seen in section 3.3.1, if body half-strike lengths are greater than 20 km rms errors no

greater than 5 % are generated.
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4.2.3 Significance of structural index

A measure of the rate of change with distance of a potential field is the negative of the
degree of homogeneity of Euler’s equation, referred to as the structural index of a given model
(Thompson, 1982). In fact, the rate of fall-off of the field is directly related tc; the geometry of
a simple magnetic model, rather than to the magnetization distribution of the model (Smellie,
1956; Slack et al., 1967). The SI therefore provides a means of determining the geometry of the
source, which can be used to make geological and geophysical inferences concerning the source
of the magnetic anomaly, independent of magnetization direction or magnitude.

The rate of fall-off of an anomaly, and therefore the SI of the causative body, can be
shown to be related to simple theoretical geometries (Smellie, 1956; Hood, 1965; Slack et al.,
1967; Thompson, 1982; Reid et al., 1990). Although for most theoretical models N is described
as an integer value or zero, Thompson (1982), and more recently Reid et al. (1990), point out
that non-integer values may be common if the source is described by a geometry mid-way
between two simple geometric shapes. Table 4.1 shows the relationship between N and some
common geometries and geological situations.

If an incorrect SI is assigned to a model, solutions become scattered and biased; an
overestimate in SI produces an overestimate in source depth, and an underestimate in SI
produces an underestimate in source depth (Figure 4.4 and Reid et al., 1990). Moreover, the
assignment of an incorrect SI creates quasi-concentric ‘fanning’ patterns, centred
approximately on the correct spatial location, which are generally |J-shaped when the SI is
over-estimated, or [)-shaped when the SI is underestimated. There is some potential in using
such patterns, albeit limited and qualitative.

Although the method described above provides an inverse means of determining source
position, it still requires an assumption concerning the structural index. Practically, the inverse
solution is repeated a number of times for a range of SI values, in just the same way as the
indirect inverse magnetization solution is obtained for a range of layer thickness values (see
section 3.4.1). The inverse indirect wavenumber domain approach to solve for layer thickness
vartations, let alone in addition to magnetization solutions, is by no means an easy task, as was
shown in section 3.4.3. Equally difficult is the solution of equation 4.13 or 4.14 for N in

addition to source position and A or B.
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N magnetic model geometrical model example geological model
0.0 | extended body semi-infinite vertical or large offset fault, side of large
sloping contact oceanic reversal block, edge
of pluton

0.5 | extended body non-infinite step small offset fault, basement

topography

1.0 | line of poles Line or edge thin dyke, sill edge, lava flow
edge

2.0 | point pole semi-infinite vertical cylinder | intrusive igneous pipe

(volcanic conduits)

3.0 | point dipole sphere intrusive boss or stock
2.0 | line of dipoles infinite horizontal cylinder basement step(?)

Table 4.1 Relationship between structural index (N) and magnetic, geometrical and geological models. :I:

symbol implies that there is a continuum of index values. High indices can describe more than one type of

magnetic model hence two entries for N=2.0

4.2.4 Synthetic Euler responses

To test the efficiency of the method, a suite of realistic magnetic models was created
and their total field anomalies computed at 1 km intervals. Two-dimensional examples are used
for easy illustration. The gradients of the field are calculated by the FFT method of Appendix
0. Models of a sill, dyke, infinite vertical contact® and finite vertical contact, each with a
remanent vector characteristic of sources west of Iberia (Galdeano, 1989), are shown in Figure

4.4a-d. In addition, two synthetic subsurfaces consisting of two or more bodies are generated

(Fig. 4.4e,5).

2 Infinite here means that the depth to the lower point of the contact >> the depth to the upper layer
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Deconvolution of the calculated anomaly profiles was performed using a window
length of 10 km for each model. A solution whose depth uncertainty is less than 20 % of its
calculated depth was passed as an acceptable solution.

It can be seen that the apex of the vertical contact is best described by a structural
index of 0.0. Indices of 0.5 and 1.0 clearly overestimate the depth and show typical | -shaped
fanning patterns (Fig. 4.4a); these quasi-concentric features are centred approximately on the
apex of the contact, i.e. the true depth. In contrast, a step model is best described by an index
of 0.5 (Fig. 4.4b). An SI of 0.0 generated solutions that were underestimated in depth, as
exemplified by their ) -shaped patterns.

Thin bodies, such as dykes, sills or lava flows, are best described by indices of 1.0
(Fig. 4.4c,d). Again, underestimates in depth are generated by indices of 0.0 and 0.5 as seen by
the (] -shaped patterns.

Because a subsurface source that extends over a large area, commonly 100’s of km?, is
more likely to contain multiple source bodies rather than a single solitary source, the Euler
response was tested for multiple bodies. In a sense, the sill of Figure 4.4d consists of two
sources: its two ends. Because the ends are at sufficient distance apart for their respective
anomalies not to combine in any way, the method resolves well. However, the proximity of
source bodies can have the effect of underestimating solution depths (Fig. 4.4e). Extreme
proximity not only causes the defocusing of depth estimates, but also causes the lateral position

of solutions to be erroneous (Fig. 4.4f).

4.2.5 Solution errors

Any given solution has an associated error. For most other geophysical methods used
in this thesis, and elsewhere, it is usually acceptable to display all solutions with their
associated errors. However, because of the large number of solutions obtained by the Euler
deconvolution method, and the nature of the solutions, some must be immediately dismissed
based on the failure to satisfy certain predescribed criteria.

If an anomaly grid consists of p by ¢ grid cells, then the Euler deconvolution, using a

window m by m grid cells, of an anomaly over a given region will produce N, theoretical

solutions given by,
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Nywoizpy =(P—m+ 1) X(g—m+1) (4.15)

and the equivalent number of solutions in the 2-D case for a profile consisting of p discrete

along profile samples, and a window m samples in length,

Noeoapy =(p—m+1) , (4.16)

Thus, for example, if a window of size 10 by 10 is used to deconvolve the field olver a region of
interest 100 km by 100 km with magnetic observations gridded at 1 km intervals, then 8281
solutions are produced. If the region is instead, 200 km by 200 km, the same operator and grid
interval produces 36481 solutions. An approximate equivalent 2-D case is much less severe; a
profile 200 km long with a discrete sampling interval of 1 km and a window of length 10 km
produces only 191 solutions. Not surprisingly, the number of solutions is at least one order of
magnitude smaller for 2-D, rather than 3-D, deconvolution. It is therefore necessary to reduce

the number of solutions, especially for the 3-D case, in a systematic way:

@ a solution whose depth uncertainty, or standard deviation, is less than a given percentage,

D..» Of its calculated depth is accepted. If the set S contains all the solutions to equation
(AIILS), then the elements of the set of acceptable solutions, S, < §, are limited by the

inequality,
O, < Peulo (4.17)

where G, is the standard deviation of zo. Typically, 1< p,, <5% and 10< p,,, <20 % are

used to optimize thé number of 3-D and 2-D solutions, respectively. However, it can readily be
seen from equation 4.17 that a deep solution may be accepted in the set S, whilst a relatively
shallower solution with an equal depth uncertainty may not. This result is not surprising since
deeper solutions are by nature less certain. In addition, solutions to Euler’s equation become
more directly related to the depth of the source as N — O and therefore solutions are still open
to a degree of subjective interpretation.

(2) a solution whose absolute depth estimate is not within acceptable geological bounds is
rejected. If a coincident seismic reflection profile exists, then the depth converted two-way
travel time to top basement acts as a minimum depth bound on solutions, providing it is

assumed to be the top of the magnetic layer. Otherwise, a probable minimum bound is used,
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Figure 4.4 Six pairs of panels showing the total field (thick line; upper panels) and vertical and
horizontal gradients (thin lines; upper panels) of six theoretical 2-D models (shaded; lower panels).
Models are magnetized +0.7 A/m {(darker shading) and -0.7 A/m (lighter shading). Euler
deconvolution solutions whose depth uncertainties are less than 20 % of their calculated depths
are shown for structural indices of 0.0 (circles), 0.5 (diamonds) and 1.0 (squares). See text for
discussion.
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e.g. the seabed. In a similar manner, the depth to the Curie isotherm provides a maximum

bound to depth solutions.

The estimated location of the source in the horizontal plane, (x,,Y,), or along profile,
(x,) , also has an associated error. The allocated solution position is defined to be at the centre

of the window over which the estimate was made. The rationale comes from the fact that the
root mean square difference between each grid cell location and the true location is a minimum

if the grid interval is constant in both x and y directions and the operating window is square.
Therefore, the maximum positional error in both x and y directions is implicitly < m2 /2

providing the source of the anomaly within the window actually lies within the range of the

window. The equivalent 2-D error is no greater than m/2 .

4.2.6 Window size, non-linearity and interference

Not only does the window size govern the number of solutions obtained in a given area
or along a given profile, but more importantly, it strongly influences the nature of the solution,
in terms of whether a good representation of the actual source is made. The reason for this is
that Euler’s equation (equations 4.13 and 4.14), which is solved over a given window of the
data, is only valid for a single source. If two or more sources are within close proximity,
Euler’s equation becomes non-linear and any solutions to the linear Euler equation become
distorted. Thus, to minimize solution distdrtion, it is necessary to design a window whose size
is as small as feasibly possible. Theoretically, this is governed by the number of unknowns; the
solution of the 2-D problem limits the maximum window length to 3Ax, Ax being the data
sampling interval, whilst the 3-D problem limits the maximum window to a square 4Ax by
4Ax. In contrast, a too small window of the data may not fully describe an anomaly and a depth

solution, z,, will necessarily have a greater standard deviation.

As mentioned previously, a real geological feature can be approximated by a
geometrical model, which in turn can be represented by a magnetic model, i.e. a single source.
Thus if two or more geological features are within close proximity to each other, the anomaly
will be the resultant of the magnetic effect of each source, i.e. the individual anomalies merge
as the distance between features decreases. In the context of alternate normally and reversely
magnetized seafloor spreading blocks, this was demonstrated in section 3.3.4, but nevertheless

the inverse indirect method was able to retrieve a magnetization model not entirely dissimilar to
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the real model. Therefore, although it may seem difficult to visually relate the anomaly to its
causative bodies, the anomaly, and in particular, the directional gradients of the anomaly, do
potentially contain sufficient information for reasonable success of the Euler method. However,
the concept of non-linearity will still introduce some error.

The distortion effects of non-linearity can theoretically be reduced by decreasing the
size of the respective window. Figure 4.5 shows the deconvolution of a forward calculated field
over a simple three-block model using windows of 20, 10, 5 and 3 times the data spacing,
which in this case is 0.67 km. In general, a larger window passes a greater number of solutions.
This may seem contradictory based on equation (4.16) but the important result to note is that
solutions derived from larger windows have relatively smaller uncertainties than those derived
from smaller windows.

A reduction in window size, although having the effect of reducing the number
of solutions, yields better positional estimates of subsurface sources, in terms of depth and
lateral position. Figure 4.5 shows that solutions obtained by windows of 13.3 km and 6.7 km,
that is using 20 and 10 equations to solve for 4 unknowns, grossly underestimate the true
depths. Typical [)-shaped patterns have their apices displaced from the true locations.
Alternatively, if the true depth to the source was known and a SI sought instead, the outcome of
the experiment using a 20 km window, for examp]e,' would suggest the source be best
represented by SI=1.0. In contrast, a large window has the advantage that it can determine all
the subsurface sources (4 corners), albeit with large vertical and horizontal error (Fig. 4.5¢).

Window sizes of 2 km and 3.3 km are able to satisfactorily locate the true depths and
positions suggesting the best SI=0.5 which is expected for bodies midway between vertical
contacts and sill-like in nature.

Inherent in all the techniques mentioned so far is the assumption that the absolute
magnitude of any anomaly in a given solution windows is greater than the noise level in that
window. As noted by Farrelly (1997), the process of computing derivatives by FFT can create
short wavelength noise, which may be comparable in amplitude to some anomalies. It is
therefore necessary to high-cut filter the directional derivative data to remove such noise (see

Appendix III).
4.2.7 Statistical interpretation

In light of the discussion concerning the non-linearity of Euler’s equation and the

interference patterns resulting from neighbouring sources, together with the inability to invert
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Figure 4.5 Euler deconvolution of the field (panel a) generated by model of figure 4.4 (f) with
window lengths of 2, 3.3, 6.7 and 13.3 km (b-e, respectively). Structural indices of 0.0 (circles),
0.5 (diamonds) and 1.0 (squares). See text for discussion.

for a structural index or correctly define the SI for an unknown source geometry, I proceed
with the interpretation of solutions in a statistical sense. The philosophy and assumption of the
approach is that, on average, depth estimates correctly define the true solution depth within the
bounds of its uncertainty, and that the number of over-estimated and under-estimated source

depths contribute equally to the total number of solutions. Using Figure 4.5d as an example, it
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can be seen that estimates made assuming an SI of 0.5 are distributed approximately evenly
about the true depth. In addition, it is considered that the degree of lateral offset of solutions is
negligible and that the linearity of anomalies is faithfully represented.

Consider a given magnetic profile or chart. For a fixed SI, all acceptable solutions can
be regarded as part of a distribution set (S,) whose characteristics describe the magnetic
subsurface as a whole. The distribution is now considered univariate; a function of source body
depth alone. Its central tendency, spread and shape can be described by its mean, median,
mode, standard deviation, maximum range, skewness and kurtosis; all of which almost fully
describe the distribution histogram’. Together they can provide geological information, in a
statistical sense, concerning the depth of the likely magnetic sources. For example, if the data
are normally distributed, the mean provides a measure of the most common source depth,
whereas highly skewed solutions are better analyzed through the median. If subsurface sources
are present at more than one depth, distributions will be leptokurtic (relatively large tails; high
positive kurtosis values), whereas a highly platykurtic (relatively small tails; high negative
kurtosis values) distribution with a narrow range may suggest good focusing of solutions on a
single source depth.

In addition, if the same statistics are calculated for structural indices in the range
0 < N <3 then it is possible to monitor the effect of SI and provide an, albeit subjective,
means of determining the SI that best represents the source. In particular, any significant
‘jump’ in a statistic may provide a qualitative means of selecting an appropriate SI since the
statistics should vary smoothly with change in SIL

To illustrate the method two examples are used. Firstly, the statistics from the example
of Figure 4.5 show that 100% of all acceptable solutions lie at a depth of 5 * 0.25 km if a
window width of 2 km is used to deconvolve the field whose causative body is assumed to have
a structural index of 0.5 (Fig 4.6). Nevertheless, other SI=0.5 depth distributions for window
widths of 3.4 km, 6.7 km and 13.4 km still suggest that the most likely solution be at ~5 km
depth, although the spread of the data increases with increase in window size. Moreover, all
four distributions are essentially platykurtic suggesting all the sources are at a single depth, or
at least in a depth range given by solution errors and their collective variance.

Making a statistical interpretation is all very well assuming that the correct structural
index is allocated to the sources in a particular unknown subsurface. However, an incorrect
assumption in SI may lead to either an overestimate or underestimate in the depth solution. As

Figure 4.6 shows, the above criteria for determining the most likely dépth are also satisfied for

3 In addition, the description of a histogram requires a measure of two of its percentiles.
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Figure 4.6 A matrix of histograms representing the distribution of solutions generated
by the deconvolution of the field of Figure 4.5; rows show solution histograms for a given
window size (win); columns show solution histograms for a given structural index (SI).
Data are binned in 0.5 km intervals and shown as the percentage of the total number of
solutions for the given deconvolution (fixed win and Sl).
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structural indices of 0.0 and 1.0 but in these cases, corresponding depths of 3.5 km and 6.5 km,
respectively, are likely to be obtained (Fig. 4.6) as the most likely depths of magnetic sources.

In my second example, a more rigorous statistical approach is adopted. The field of

Figure 4.3a, whose causative bodies are two sets of sources at 5 km and 10 km depth, is
deconvolved for structural indices of 0.0 to 3.0, using an operating window of 4 km by 4 km.
Solutions whose uncertainties are less than 5 % are accepted and used in the analysis. Figure
4.7a shows how solutions obtained for SI=0.5 delineate the source bodies reasonably well, even
those that overlap or are within close proximity. .
However, even fhis s{mple example shows that interpretation of solution depths is hindered by
other shallower solutions, often the result of depth underestimation. Interpretation of solutions
extracted along profiles or ‘corridors’ is usually inadequate since diagnostic interference
patterns may be intersected and only partially imaged (Fig. 4.7b). Moreover, corridor width
can have a disproportionate effect on the interpretation.

A statistical approach is preferred to analyze large data sets. Semi-quantitative
statistical estimates, in the manner adopted for the first example, can be made from observation
of solution histograms. Figure 4.8 shows the distribution of solutions from the deconvolution of
the field of Figure 4.3 for structural indices of 0.0, 0.5 and 1.0; the most probable depths are 4
km, 5 km and 7 km respectively. However, unlike the distributions of Figure 4.6, here there
exists a significant positive skewness with a relatively large tail extending to depths
approximately twice the modal depth. Although merely qualitative, this result is significant in
that it can indicate either (a) the tail is a result of a multi-source subsurface, or (b) solutions
are biased towards underestimation rather than overestimation, implying the correct index has
not been used. The choice is dependent on the outcome of a full statistical analysis.

The statistics of each field deconvolution are shown as functions of SI in Figure 4.9.
Although structural indices as high as 3.0 are uncommon in nature they are shown here for
completeness. Important to note initially are the high positive kurtosis values for all S], i.e,, a
significant proportion of the data lies in the tails. The mean and median therefore contain only
limited depth information being the result of ‘averaging’. The second feature to note is the
approximately constant positive skewness over all SI. This implicitly suggests a multi-source
subsurface; skewness due to the incorrect assignment of SI, thus causing underestimation or
overestimation bias, would vanish, or change sign, at the most desirable SI to describe the
source. Therefore, it is highly probable that two or more sources are present in the subsurface.
Moreover, if a realistic SI is chosen, i.e., 0.0 < N < 1.5, it is probable, to the 95 % confidence

limit, that the sources lie within the range 4.5 km to 17 km. Although with no theoretical
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Figure 4.8 Solution distribution histograms for the deconvolved field of Figure
4.3a for a window size of 4 km by 4 km and structural indices 0.0, 0.5 and 1.0.
Data are binned in 1.0 km intervals and shown as the percentage of the total
number of solutions.

single component field. I have shown that the application of different techniques for analysis of
the total field can potentially provide useful insight into the source(s) of a magnetic anomaly
field. However, the character of a unicomponent field necessarily provides less interpretative
information than an equivalent multicomponent counterpart. In the broadest sense, a
multicomponent field is defined as any two or more functions, each of one or more independent
variables. For example, the magnetic field is a vector field and can therefore be measured in

three spatially orthogonal directions; the components F,, F, and F,, in the Earth’s fixed
coordinate system, or Fy, F, and F,, in a fixed platform coordinate system, for example.

Usually, the three components are measured using a fluxgate magnetometer mounted on an
aeroplane, ship or deep-towed underwater instrument. Therefore, each component is measured
as a function of profile orientation, p. The three component data used in this thesis were
obtained using fluxgate magnetometers mounted on deep-towed underwater vehicles (TOBI and
SAR; see Chapter 2) towed along almost straight line profiles. Therefore, the components
available are F,, F,, F, and T. The relative wealth of information provided by
componental magnetometry can potentially provide a more constrained model of the

subsurface.

4.3.1 Magnetic boundary character

Not entirely dissimilar to the absolute analytic signal method (e.g., Roest et al., 1992b)
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Figure 4.9 Statistics of the deconvolution of the field in figure 4.3a shown as a function
of structural index. Error bars shown on mean, skewness and kurtosis. See text for discussion.

used for the location of boundaries of magnetic bodies, Seama et al. (1993) proposed a method
of boundary strike estimation, in addition to boundary position estimation, via the use of vector
anomalies. Korenaga (1995) further developed some of the ideas of Seama et al. (1993) and
Isezaki (1986) to make predictions concerning the dimensionality of the source and relative
magnetization contrasts. The following subsections briefly outline some of the theory and
method of Seama et al. (1993) and Korenaga (1995), in addition to some of my own findings

and adaptations.
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4.3.1.1 Boundary location

For a corrected magnetic vector profile (for corrections see Appendix I) crossing a
given vertical magnetic boundary between two domains, a quantity known as the intensity of

spatial differential vectors (ISDV) can be calculated,

2 2 2 (4.18)
ISDV = IT) _ (ai) +(aFE) +(a£)
op op op op

where F,,, F; and F, are north, east and vertically downward orthogonal components of the

local magnetic field measured along a track whose direction is given by p. The line of the
profile, P, is assumed to be at an angle, g, to the strike of the boundary (y-axis). Maxima in
ISDV occur directly over the boundaries, although for two or more boundaries with equal
magnetization contrast(s) a positional error dependent on the depth to the source and the
proximity of the boundaries may be present (see Korenaga, 1995). Moreover, ISDV maxima
associated with two adjacent boundaries merge when the separation < ~1.36 times the mean
depth to the source.

As a hypothetical example, if the magnetic sources within the southern Iberia Abyssal
Plain are 7 km thick and on average their upper surfaces are 2 km below the observation track,
the location of magnetic boundaries will only be possible if the individual magnetic blocks are
> 7.5 km in width (see Fig. 3.10). If oceanic crust spreading at 10 mm/yr is assumed, the
reasoning of Korenaga (1995) predicts that most of the reversal sequence anomalies within the
range aM3(R) to aM15(N) will not be correctly located. Figure 4.10 shows the positional error
as a function of mean depth and block width. This phenomenon is similar to the effect of
spreading rate on total field anomalies as discussed in section 3.3.4. and the loss of resolution
of the absolute analytic signal for closely spaced magnetic boundaries (Atchuta Rao et al,,
1981).

In addition to the positional error of ISDV maxima, noise may introduce false maxima.
It is therefore necessary to selectively dismiss maxima which occur below a given threshold.
The remaining maxima are assumed to occur over any of the following magnetic boundaries
(Seama et al., 1993): (1) reversal sequence blocks; (2) at edges of other intrusive bodies; (3)

significant basement relief; (4) magnetization variations within the basement.

106



Direct & Gradient Methods

Mean Depth(D) [km]
Position Error(4p) ‘ ! 2 3 4 5 6

4

i
T
(18]
o

Width(2L) (km]

. Width2L) | IsDV /

=)

Thickhcss(H) ; ! 2 3 4 s 6
‘ Mean Depth(D) [km)]

Figure 4.10 (a) Simplified model with two magnetic boundaries separated by a distance
2L. Layer thickness is H, and mean depth to layer is D. magnetization of the layer is J.
Position error {(Ap) is defined as difference between actual boundary and ISDV position. (b)
Resuits of model calculations; position error is shown as contours (0.2 km interval). ISDV

profile has only single peak in shaded region. Figure and caption from Korenaga (1995).

4.3.1.2 Boundary strike

Consider two juxtaposed magnetic bodies of equal depth and thickness. If the two
bodies possess magnetization vectors, m, and m,, and m, # m,, then a magnetization
contrast will be present at the boundary between the two bodies. If the bodies are infinite in
length [or above a critical half-length; see section 3.3.1] in the direction parallel to the strike of
their common boundary, the component of the magnetic field in the direction parallel to the
strike will be zero for all x, regardless of the angle between m, and/or m;, and the boundary
strike. Thus, for a truly two-dimensional conjugate source pair, three component orthogonal
observations made along a profile at any given orientation, once c,'orfécted, are capable of
determining the strike of the magnetic boundary. I achieve practical implementation by the

following procedure, which differs from the procedures outlined by Seama et al. (1993) and

Korenaga (1995). If a vector, b, is defined, in terms of north and east components, as a
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horizontal unit vector parallel to the boundary, i.e. b=b/|b|=b,n+b.e, then its scalar

product with the magnetic field vector, T, or with the derivative of T with respect to the along

profile direction, is zero at or near the magnetic boundary,

T-b=Fyby+Fb, +C=0 (4.192)
. OF (4.19b)
(a—T—)‘b=a N bN+a£bE =0
op op op

where C represents any measurement bias or error in IGRF, and is assumed constant over the
ISDV peak. Because of measurement errors in T, or errors in the IGREF, it is favourable to use
equation (4.19b). Providing T is observed at more than two locations across the ISDV peak,

data in a window of length w can be used to estimate (b b;) in a least-squares sense. The

procedure is valid because the ISDV peak is not a spike and therefore the effects of the
boundary are observable over a finite distance on both sides of the boundary. The value of w is

thus chosen accordingly. The actual boundary strike is given by the best-fit model of (b, b.),

[

4.20)
strike = arctan| —=

U‘)I
4

Seama et al. (1993) implied that boundary dip information can be extracted by a
similar procedure, whereby the boundary strike unit vector is given by b= byn+be+b,z,
and an inverse solution is found for (by by b,) in a similar fashion. However, for a vector to
contain dip information of a planar surface it must be representing the normal to the surface; in

~

which case the vector T, or its derivative dT/dpis no longer perpendicular to b.

A

Alternatively, if b were to represent a resultant of the strike and dip unit vectors in the
boundary plane it also would be no longer perpendicular to T. In fact, it would no longer be

parallel to the strike. In both cases equations 4.19a and 4.19b would be no longer valid.

4.4 Chapter summary

This Chapter has dealt with the theoretical, methodological and experimental aspects
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of magnetic anomaly analysis by the direct and gradient methods of interpretation. The
following conclusions can be drawn from this Chapter,

1) The direct and gradient methods are particularly useful in testing some of the assumptions
on which other magnetic methods rely.

2) Source body depth information can be retrieved from the analysis of total field data by
power spectral methods and Euler deconvolution. Source thickness estimates are practically
impossible to derive by analyses of power spectra.

3) Inversion of magnetic anomaly power spectra, by three different methods, can provide
information concerning the depth and scaling nature of magnetic sources.

4) Euler deconvolution is most successful when a statistical interpretational approach is
adopted. Analyses of solution distributions, rather than individual solutions, can provide more
realistic estimates of the most probable depths of magnetic sources.

5) Componental magnetometry is capable of retrieving the absolute position of magnetic
boundaries although for bodies with widths < ~10 km positional errors are comparable with the
absolute body location estimates. Strikes of magnetic boundaries, but not dips, can be derived

from the three orthogonal components of the magnetic field.
The remainder of this thesis is concerned with the application of the methods described

in Chapter 3 and the present Chapter to the observed magnetic anomalies offshore West Iberia

and Newfoundland, and to the geological and geophysical interpretation of the results.
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Chapter Five

Depth and trend characteristics of magnetic

sources beneath the southern Iberia Abyssal Plain

The bulk of this chapter is concerned with the presentation of the results of an
interpretative analysis of magnetic anomalies offshore West Iberia, in particular beneath the

southern Iberia Abyssal Plain, with respect to the depths and trends of causative bodies.
5.1 Analysis of digital magnetic anomaly charts

Observed total field' magnetic anomaly charts can contain a wealth of information of
different types. However, the integrity of the chart is dependant to some extent on the accuracy of
compilation, reduction and pre-processing of magnetic measurements made along ship tracks and
during aeromagnetic surveys. One such high quality digital magnetic anomaly chart exists
offshore west Iberia from 36°N to 46°N and from 6°W to 19°W (Miles et al., 1994; Fig. 2.7); a
subset of this dataset, which has substantially better control than the whole dataset, from 39.5°N
to 42°N and from 9°W to 14°W is shown in Figure 5.1b. This subset forms a major dataset of
this thesis, and in particular a further subset from 40°N to 41°N and from 11°W to 13°W. The
analysis of anomalies is not exclusive to this latter region but there, strong constraints from the
interpretation of seismic reflection profiles, seismic refraction profiles and basement samples aid

the interpretation of the magnetic measurements (see section 2.3.2 and also section 5.2).
5.1.1 Preparation of charts

Reduction-to-the-pole (RTP) of the magnetic anomaly chart of Figure 2.7 was carried out
in 1993 (Miles et al., 1996) and subsequently a subset (39.5°N to 42°N, 9°W to 14°W) was
described by Whitmarsh and Miles (1995). The interpretation of Whitmarsh and Miles (1995) is
dependant upon the assumptions of the RTP. It is therefore necessary to test these assumptions

before further interpretation is made.

'Observed field strictly means no processing has been applied, for example reduction-to-the-pole
(excluding corrections and pre-processing)
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The RTP procedure is essentially a linear wavenumber domain filtering‘ operation
(Schouten and McCamy, 1972); the RTP field is the result of the multiplication of the Fourier

transform of the observed anomaly ( S[A(x,y)]) with a wavenumber domain phase filter. The

phase filter is a complex filter that is dependant upon the inclination (/) and declination (D) of
both the present geomagnetic field and the assumed magnetization vector of the causative body. It
can therefore be described by an angular parameter since it is independent of the depth, shape and
magnetization intensity of the causative body. The effect of RTP is to change the phase of
anomalies at all wavenumbers such that the resultant field is equivalent to the field generated by
the same source, except possessing a vertical magnetization vector, and observed at the magnetic
north pole, where the geomagnetic vector is also vertical. A RTP anomaly is therefore placed
directly above its causative body. However, correct relocation of anomalies is dependant upon the
assumption of the correct source magnetization vector direction (the geomagnetic field vector is
easily determined; IAGA, 1996).

The chart of Miles et al. (1996) was reduced-to-the-pole employing the assumption that
all causative bodies possess a common remanent magnetization vector described (appropriate to
the late Cretaceous) by I =46°, D=0° (Van der Voo, 1990), and that the geomagnetic field
vector (for epoch 1993.0) is described by I =57° D =-9° (JAGA, 1996). In this geocentric
dipole model, an average vector for North Atlantic oceanic crustal rocks adjacent to the West
Iberia continental margin was used since the application of a spatially variable reduction-to-the-
pole filter (differential RTP; Arkani-Hamed, 1988) proved to be problematic (P. Miles, pers.
comm.). However, this vector is representative of rocks certainly Maastrictian and younger in age
(71 Ma; C31 time; Van der Voo, 1969; Van den Berg and Zijderveld, 1982) and possibly CMO
and younger (121 Ma, Aptian-Barremian boundary); prior to C31 Iberia experienced an
anticlockwise rotation of ~35° (Srivastava et al., 1990a) when it behaved as an independent plate
during the opening of the Bay of Biscay (see section 2.2). Moreover, Galdeano et al. (1989) have
shown that 30° of this rotation took place in the interval CM11 to CMO (Hauterivian-Aptian),
whilst, more recently, Juarez et al. (1998) constrain 17° of eeuﬂfef;clockwise rotation between
125 and 95 Ma (CM3 to mid-CMQZ). Thereforé, oceanic crustal rocks, or indeed any rock type
likely to acquire a primary natural remanent magnetization (NRM), that accreted/formed in this
interval will necessarily possess a remanent magnetization vector different to that suggested by
Van der Voo (1990) and used by Miles et al. (1996). With this in mind I embarked upon a revised
procedure of reduction-to-the-pole of the observed magnetic anomalies west of Iberia.

Based on the two extreme vector directions (particularly in declination) of Galdeano et al.

(1989) and Van der Voo (1990), reduction-to-the-pole of the observed anomalies was
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implemented based on eight different magnetization vector directions and a single geomagnetic
vector direction (/=57°, D=-9°; IAGA, 1996). Of the eight vector directions, four are given
inclinations of 46° (after Van der Voo, 1990) and four given inclinations of 58° (after Galdeano
et al., 1989). Although not shown here, a difference in inclination of 12° produces no significant
difference in the resultant anomaly for any constant declination. I chose to utilize an inclination of
46°; an inclination of 58° implies no net N-S plate motion since acquisition of magnetization,
whereas an approximate 5° northward change in latitude over ~130 Ma is more likely (due to the
east of north trend of the Mid-Atlantic Ridge). An inclination of 46° was combined with discrete
declinations of 0°, —155, -30° and -43° to fully describe each vector; ~15° represents the minimum
step in declination for which any noticeable changes occur. Figure 5.1 shows the resultant RTP

anomaly charts, together with the parent chart of observed anomalies.
5.1.2 Description of reduced-to-the-pole magnetic anomalies

The success of RTP, i.e. identification of the correct vector direction, can be gauged by
some preconceived notions of anomaly sources. For example, ‘sharpening’ of linear oceanic
seafloor spreading anomalies should occur when the correct magnetization declination is used;
some interference of anomaly peaks and troughs is removed when they are. relocated directly over
the centre of normal and reverse polarity bodies, respectively. Moreover, non-linear observed
anomalies that become lineated after RTP can be assigned to lineated causal bodies. Because the
processes of rifting and seafloor spreading produce, on the whole, two-dimensional features (e.g.
tilted fault blocks and intrusions with across margin/axis changes >> along margin/axis changes),
here I assume that the sources of the magnetic anomalies are more linear than circular. However,
an oceanic origin can only be inferred from quantitative modelling of the magnetic field (see
Chapter 6) and other independent evidence.

West of 13°W (50 km; Fig. 5.1¢,d,e) at 40° to 41°N (50-160 km,; defined as zone 1) the
presence of oceanic crust is strongly implied; the observed anomaly chart (Fig. 5.1b) is dominated
by the high amplitude linear J anomaly. Although not an isochron and apparently unrelated to the
reversal timescale, J has been modelled throughout the North Atlantic and has been shown to be
present near to, and within, oceanic crust accreted during chron CM0-CM2 time (Pitman and
Talwani, 1972; Rabinowitz et al., 1978; Tucholke and Ludwig, 1982). The ‘sharpening’ of J, and
anomalies immediately adjacent to it, is best achieved using a source magnetization vector

| declination of 0° (Fig. 5.1c). The two linear troughs immediately east of, and parallel to J also

become apparent after such an RTP (Fig. 5.1c). At increased [westerly] declinations these
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anomalies, and J, loose their linear character and become less coherent as linear anomalies. A
qualitative interpretation therefore indicates the presence of a strongly lineated source with a
geocentric (D=0°) magnetization vector. Zone 1 here is synonymous with the western zone of
Whitmarsh and Miles (1995).

In the region east of zone 1 (100-210 km) linear anomalies become apparent regardless of
the magnetization vector declination used (defined as zone 2; Fig. 5.1c,d,e,f). Although not
ubiquitous, 010° trending anomalies are the dominant trend within this region. Magnetization
declinations of 0° and -15° produce more linear anomalies which are, in general, laterally more
persistent (up to lengths of 125 km). Only the positive magnetic anomaly between ODP Leg 149
Sites 897 and 899 (110,130 km), and a negative anomaly immediately adjacent to and northeast
of it, are significant anomalies trending ~350° for any given declination. Although a dominant
trend is highlighted many anomalies are sub-circular in shape, especially for when reduced-to-the-
pole with magnetization declinations <0°.

Progression eastwards is accompanied by a change of anomaly trends to approximately
350°. Zone 3 (east of ~200 km), similar to the eastern zone of Whitmarsh and Miles (1995), is
characterized by relatively continuous linear N-S to NNW-SSE trending anomalies that are best
imaged with a magnetization declination of -15° (Fig. 5.1d), although many of the same trends are
apparent at other declinations. '

New reduction-to-the-pole processing of the observed anomaly chart has shown that the
region between ~75-200 km (E-W), which includes most of the OCT, may be underlain by rocks
whose magnetization vector declination lies in the range 0° to -30°. Reduction-to-the-pole of
magnetic anomalies in zone 1 (west of ~75 km) and zone 3 (east of ~200 km) suggest that the
sources possess magnetization vector declinations of 0° and 0° or —15°, respectively. These
declination directions agree with those expected for oceanic crust (younger than CMO(R)) and
continental crust (with an induced magnetization), respectively.

The results of this .RTP study alone cannot determine the most likely magnetization
declination of rocks within the OCT. Therefore, constraining the timing (pre- or post-rotation of
Iberia) of the acquisition of rock NRM is made difficult. For example, assuming the
palaecomagnetic studies (see above) are correct, a successful RTP assuming a declination of -43°
would suggest that NRM acquisition occurred prior to the rotation, whereas a declination of ~0°
would suggest NRM acquisition occurred post-rotation. However, there are other considerations
and therefore a discussion concerning the rotation of Iberia is left until section 7.1.2, after the
results of a magnetic study at the conjugate Newfoundland margin are presented. Nevertheless,

the study here suggests that NRM declinations of OCT rocks take values 0° to —43°.
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5.2 Depth to acoustic basement chart

In almost all marine geological settings the uppermost surface of acoustic basement
represents a minimum depth at which any significant magnetic source exists; sediments and the
water column above are non-magnetic, whereas crystalline metamorphic, igneous and meta-
igneous rocks beneath have the potential of possessing a significant remanent and/or induced
magnetization. More specifically, along an E-W transect in the southern Iberia Abyssal Plain
ODP Legs 149 and 173 have proven that post- and pre-rift sediments are non-magnetic (Sawyer
et al., 1994; Whitmarsh et al., 1998). Therefore, the depth to the top of acoustic basement
provides a strong constraint on the minimum magnetic source depth during interpretation of

magnetic anomaly measurements and their respective models.

5.2.1 Chart preparation

Multichannel seismic (MCS) reflection profiles totalling approximately 2200 line
kilometers acquired on four cruises (Sonne-75 , Lusigal-90 , IAM-project and Discovery 215)
were used to pick the two-way travel time (twtt) to the top of acoustic basement. Table 5.1 shows
a data listing of all the lines used whilst Figure 2.5 shows track coverage. The basement surface
“;as picked at constant intervals of 10 shot points from time sections as a boundary between
continuous, sub-horizontal events above shorter, mainly dipping discontinuous and incoherent
events. Practical achievement was made difficult due to: (1) Uncollapsed diffraction patterns on
filtered stacks that obscure and distort the character of the event between sediment and basement
(Fig. 5.3); (2) On _both migrated sections and filtered stacks the character of the top basement
event is markedly different over basement topographic highs compared with basement lows
(basins; Fig. 5.4). Nevertheless, the first trough with characteristics of the top basement event
was picked with an accuracy of ~0.1 s twtt, and in some cases considerably better. In addition
the seafloor reflector was picked at the same shot point positions.

The reconciliation of line cross-over differences was achieved via an iterative procedure.
Travel times (twtt) on intersecting lines were compared at the exact cross-over location; those
with a twtt difference of 0.1 s or more were flagged as problematic. Reconciliation was achieved
by an iterative refinement of the two twtt picks until their difference was within the 0.1 s limit.
However, in some instances repicking of the top basement reflector at, and witﬁin the vicinity of,
the cross-over necessarily continued to greater distances; in a few extreme cases corrected cross-

overs further along line became uncorrected. Perpetual reconciliation was avoided by attributing
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Cruise and line numbers (inclusive) Processing
Discovery-215 (Minshull, 1995) FS

CAM 128, 129, 131-133, 138-141,142 (E half),143, 148-158

CAM 130, 134, 136, 142 (W half), 144, 147, 159,160 M
Sonne-75 (Roeser et al., 1992) M

SO 15-22

Lusigal-90 (Boillot et al., 1990) ) M

LG 04,12, 14,15

IAM project (Torne et al., 1993; Banda et al., 1995)

1AM 9 M (part DM)

Table 5.1. List of multichannel seismic cruises (bold) and lines used to interpret top basement reflector in the

southern IAP. FS=filtered stacks; M=time migrated; DM=depth migrated

errors to ‘out of the plane’ effects. The residual error is dealt with in a later step.
Time to depth conversion of top basement picks was implemented using a single best-fit
velocity function for the whole region derived from multichannel stacking velocities (Pickup,

1997) and travel-time modelling of sonobuoys (Whitmarsh and Miles, 1990),

—0.15+1.02062¢ + 9.7203x 107 ¢, 1 <1688 G.1)
2000.01+1.93212(¢ — 1688) +3.10102 x 10~ (¢ — 1688)*, ¢ > 1688

where d is depth below the seabed in meters and ¢ is twtt below the seabed event in msec. Total
depth below sea surface was calculated by addition of the depth of the water column assuming a
seawater velocity of 1.5 km/s.

A continuous depth-to-top-basement surface was achieved by contouring. The main
objective in obtaining a depth-to-top-basement chart was to provide further constraint in magnetic
modelling, particularly inverse indirect modelling. Therefore, these practical requirements
necessitated a continuous digital depth grid; a hand contoured chart would have severe limitations
because of its analogue nature. Thus, data were first binned in 0.5 km by 0.5 km cells over the
whole region and a single value assigned to each cell by mean averaging all picks, the purpose
being to remove the residual cross-over errors and to avoid spatial aliassing in the contouring
procedure. These data were merged with redigitized analogue swath bathymetric data over Vasco
da Gama seamount (J-C. Sibuet, pers. comm.) where sub-cropping basement is present. The

merged data were contoured by means of an adjustable tension continuous curvature surface
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gridding algorithm in the GMT package (Wessel and Smith, 1991). A tension factor of 0.35,
typically used for steep topographies, was used in order to suppress undesired spurious
oscillations and false maxima and minima. The final depth to top basement chart is shown in

Figure 5.2 and by Discovery 215 Working Group (1998).
5.2.2 Description of chart

Basement character can be characterized int'o four distinct zones (Fig. 5.2);

(A) West of ~12°30’W basement is characterized by linear elongated 010° trending topographic
highs and lows at average depths of 6 km and 7.5 km, respectively. In extreme cases relief as
great as 2.5 km occurs over distances as short as ~15 km, although topographic wavelengths and
variations are typically 20-25 km and 1.5 km, respectively. Along the strike of the topographic
highs and lows themselves, there are variations in depth which give the appearance of isolated
sub-circular peaks and basins although these variations are approximately half of those between
features. The easternmost limit of the zone is characterized by a 010° trending broad ridge whose
western flank gradient is at least twice that of its eastern flank gradient, thus giving the
appearance of a basement ‘plateau’ (in zone B). The ridge defining the eastern limit of zone A has
greater continuity than ridges to the west of it with relatively little along strike variation, and
curves to the east at its southern tip. This ridge, continuous from at least 40°24’N to ~41°N, has
previously been imaged and described as peridotite ridge segment R3 (Beslier et al., 1993).

(B) A plateau-like region, at ~7 km depth, extends east from R3 a distance of 25km in the south
at ~40°20’N and 40 km further north at 40°50’N. The easternmost limit is characterized by steep
gradients in basement topography which rapidly falls to depths of 8-8.5 km over distances of 10
km. Unlike its western limit the boundary with zone C is an extremely non-linear feature; in
particular, two positive topographic ‘fingers’, trending NNW-SSE to N-S, protrude into zone C
up to 25 km from the main body of zone B. In addition, two sub-circular peaks, beneath ODP
Leg 149 Sites 898 and 899, protrude 2 km from the ‘plateau’ and reach depths of less than 5 km
below sea level. '

(C) Zone C is characterized by relatively subdued relief and little topographic variation. Depths
average 8.5 km below sea level and in some cases exceed 9 km. Basement rises above 7.5 km in

places but features are small compared to those in zones A and B.
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Figure 5.3 Multichannel seismic reflection profile CAM-142 between CDP 5500 and 7000.

(a) uninterpreted section, (b) interpreted section. Top basemet event picked and interpreted
and shown as heavy line (TB), which is commonly obscured by diffractions (D) making precise
interpretation of travel time picks difficult. M indicates axis of monocline in post-rift sediments
directly above the basement high over which ODP Leg 149 drill site 898 lies 8 km along strike
to the north. The basement high is possibly the northern continuation of peridotite ridge
segment R4. US denots the lowermost package of sediments (directly above top basement)
which have little internal character and approximately the same velocity as the uppermost
basement (Dean et al., submitted; see Chapter 6) introducing further difficulty in defining

TB, especially in basement lows.
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Figure 5.4 Multichannel seismic reflection profile CAM-144 between CDP 9400 and 11000.

(a) uninterpreted section, (b) interpreted section. Top basemet event picked and interpreted
and shown as heavy line (TB). TB is easily identified over highs B1 and B2 although some
diffractions are still present at the apex of B1 even after migration. In contrast, TB is difficult

to define in some basement lows; dashed line D1 shows the ambiguity in picking TB at CDP
>1250. Dashed line D2 marks the equivalent event in the basement low between CDP 8900
and 10125 which indicates clearly that D2 is not the top basement event.M indicates axis of
monocline in post-rift sediments directly above the basement high B1 over which ODP Leg 149
Site 897 lies. B1 is equivalent to peridotite ridge segment R3. B2 is ~9 km up strike from ODP
Leg 173 Site 1070 and assumed to be oceanic crust.
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(D) North of zone C and north-east of zone B sub-parallel N-S trending elongate basement highs,
commonly at depths of 6 km or .less, form fingers that protrude into zone C. Less than 15 km
northward three similar linear features, which are almost perfectly aligned with three basement
ridges determined from MCS, have been imaged by a swath bathymetric survey over Vasco da
Gama seamount (J-C Sibuet, pers. comm.). Although at present no control exists in the region
between, these two sets of features may be the same phenomenon thus implying the elongate
basement highs may be up to 50 km in length.

Not only can thé morphological character of basement be used to estimate, in part, its
nature, but in addition, the mechanical properties of basement rocks are governed by their
dominant lithology. With reference to the mid-Miocene compressional phase, which was
contemporaneous with the Betic orogeny, zones associated with basement weakness are inferred
to be present beneath the most deformed post-rift sediments offshore West Iberia (Masson et al.,
1994). In a far less detailed manner to that employed by Masson et al. (1994), asymmetric
westward facing monoclines were mapped to sﬁow the pattern and location of post-rift sediment
folds (Fig. 5.2). Inflection points on monoclines were mapped and the intensity of folding
classified as weak or strong based arbitrarily on the relative wavelengths and amplitudes of the
folds.

It can be seen that all significant sediment folding is confined to zone B. Moreover, fold
inflection points appear to be grouped into two distinct linear zones; more intense folding present
on the western side of zone B and less intense folding present on the eastern side of zone B. In
addition, the general trend parallels the trend of major basement features including peridotite ridge
segments R3 and R4 (Beslier et al., 1993; Pickup et al., 1996), although folding rarely coincides
exactly with minima in basement depth.

Although the full significance of the sediment folding is beyond the scope of this thesis,
its limitation to zone B further suggests that the nature of the basement (or at least its response to

compression) within the OCT is clearly defined by two distinct zones (B and C).
5.2.3 Contribution of basement relief to magnetic anomalies

In section 3.3.5 I quantified the potential contribution, to the magnetic field, of realistic
topographic variations of a hypothetical magnetic layer. There, I concluded that such variations in
relief can potentially produce sea surface magnetic anomalies with amplitudes similar to those
observed in the OCT west of Iberia (see Fig. 5.1). To complement the hypothetical analysis, the

actual contribution of the basement relief west of Iberia is now analysed in two ways. Firstly, if

122



Source depths and trends

the top basement surface is indeed an interface between non-magnetic sediments and a magnetic
basement, 3-D Euler deconvolution solutions for a structural index of 0.5 (step model; see section
4.2) should theoretically plot at, or near to (depending on the horizontal error), significant
gradients in basement topography. For basement depths of 5 km or more I consider only the
steepest of gradients as significant. Nevertheless, a second method of comparing forward
calculated anomalies with observed anomalies in both the space domain and wavenumber domain
can provide a more quantitative analysis. The space domain approach was adopted, in part, by
Whitmarsh et al. (1996a) in the southern IAP and their results provided some of the rationale for

further enquiry in the form of this thesis.

(1) 3-D Euler solutions whose depths exceed that of top basement and whose uncertainties do not
exceed 1 % of their calculated depths are shown in Figure 5.5. Of the potential 16320 solutions,
7550 had acceptable uncertainties (46 % pass rate) of which only 1649 (22 %) underlay top
basement. Such statistics suggest many solutions are underestimated, but nevertheless, those that
fall near to top basement follow the trend of some steep regions of basement. A rough estimate
(by eye) indicates that ~25 %-of solutions falling within 1 km of the top of basement are related to

significant basement topographic variation.

(2) 29 evenly spaced parallel profiles whose position and orientation (100°; Fig. 5.6 ) were
chosen to cross the dominant trend of linear basement features and observed magnetic anomalies
approximately at right angles were chosen for the analysis. Demeaned 2-D anomaly profiles
extracted from the observed magnetic anomaly chart of Figure 5.1b are compared with demeaned
forward calculated anomalies. Each forward calculated anomaly is generated from a 2-D model
whose upper surface is extracted from the basement chart (Fig. 5.2), coincident with the extracted
magnetic observations, and whose lower surface is at a constant depth of 14 km. Three models
were generated for each proﬁle whereby constant magnetization vector directions were used
corresponding to a remanent vector direction given by Van der Voo (1990), a remanent vector
direction given by Galdeano et al. (1989) and an induced magnetization direction. A constant
magnetization magnitude of +1 A/m was used for each model. A statistical comparison between
each observed-calculated profile pair is made in two ways.

(a) In the space domain, the linear correlation coefficient and residual between each observed and
forward calculated anomaly profile was calculated. Figure 5.7(a) shows that little correlation
along the 29 test lines exists regardless of the choice of magnetization vector direction. A

significant correlation is given by values >0.5 or values <-0.5, the latter indicating that a
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negative, rather than positive, magnetization provides a better model. Of the 29 profiles, only 3
marginally exceed the threshold of significant positive correlation.

Residua, although sensitive to absolute magnetization values, are able to provide along line (~E-
W) and across line (~N-S) information regarding the degree of match of observations with
calculated anomalies. Across line variations in rms residua follow a quasi-sinusoidal pattern;
highs (50-6b nT) in the region between lines 18-25, and lows (15-30 nT) in the region between
lines 3-15 (Fig. 5.7a). This general result suggests that observations south of line 15 are better
explained by basement topographic variations than those to the north.

Along line variations in residua are gauged through the analysis of residua as functions of
distance along profile. Residua between the observed anomaly and each model generated anomaly
along each track were normalized against the minimum rms residual of 15 nT and plotted to show
variations in match (Figure 5.7b,c,d). As a result, the degree of match can be segregated along the
approximate boundaries of zones A-D described in section 5.2.2. The degree of match, expressed
(100)

GO and rmst® je.

min min

as an areal proportion of each zone, is represented as a function of rms

greater than 100% and 50% of the minimum rms residual, respectively (Table 5.2).

Zone > rmsf:j??) (% area) > rmsf:ig) (% area)
A 50 90
B 25 75
C 0 15
D 20 60

Table 5.2 Proportion, by area, of each of the four zones A-D in which the normalized residua between observed
anomalies and forward calculated anomalies (from a model describing top basement topographic variations only)

exceeds 100% and 50% of the minimum rms residual of 15 nT.

The results suggest that sources other than simply basement topographic variation contribute to
observed magnetic anomalies, more so in zones A, B and D than in zone C. However, caution is
of the essence; basement in zone C is on average ~2 km deeper than basement in zones A, B and
D, and possesses a more subdued relief which may account for the apparent match between

observed magnetic anomalies and anomalies generated by relief.
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Figure 5.7 (a) Correlation coefficients (thin lines) and rms residua (thick lines) between the
observed magnetic field and a forward calculated magnetic field along each of the lines 1-29

of figure 5.6. Each forward calculated field was computed from a model whose upper surface
was extracted from the depth to basement chart (Fig. 5.2) along the coincident line. Each mode!
was described by a lower surface at 14 km depth and a magnetization vector defined by Van der
Voo (1990; =46, D=0; solid line), Galdeano et al. (1989; |1=58; D=-43; dashed line) and an
induced magnetization vector (I=57, D=-9).

(b), (c) and (d) Residua (as function of along profile distance) normalized to the minimum rms
residual (15 nT) and contoured (interval 0.5) over the region of lines 1-29. Magnetization vector
makes little difference to the results; Van der Voo (1990; (b)), Galdeano et al. (1989; (c)) and an
induced magnetization vector (d).
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(b) To test the correlation of the magnetic anomalies with basement features as a function of
wavenumber, and therefore wavelength, the squared coherency (¥ it) spectrum between the

observed anomaly and the anomaly generated by a model assuming the Van der Voo (1990)
magnetization direction for each of the 29 lines was computéd. Squared coherency spectra for

each profile were contoured and are shown in figure 5.8. For inverse wavelengths in the band

<0.2 km'' there is no significant correlation (i.e. 'yzt < 0.5) at any wavenumber along any

profile, with the exception of a significant correlation (i.e. 'yit > (0.5) at a wavelength of ~15 km

along line 12. In general, squared coherency values are less than 0.2, although between lines 11-
14 there is a somewhat marked increase in correlation (>0.4) in the band equivalent to

wavelengths 12.5 km to 25 km.

Observed magnetic anomalies west of Iberia must therefore be attributed to variations in
magnetic basement character other than simply topographic variations of the top of acoustic
basement. Nevertheless, the combined effects of basement relief variation with thickness and/or
magnetization variations for example, may produce a significantly different anomaly to one
created by a simple flat top model with the same lateral thickness and/or magnetization variation
(e.g., Parker and Huestis, 1974). Therefore, not only do the results here provide the impetus for
further investigation, but also the inclusion of basement relief in source depth or source shape
dependant models may be important.

Advantageous to the techniques described above, with the exception of analyses of
residua, is the independence of model magnetization intensity. Euler deconvolution utilizes
anomaly gradients whilst correlation and coherency tests normalize anomaly amplitudes. Thus,
although the methods are only sensitive fo changes in the phase of anomalies (whose causal
process is a change in model magnetization direction) even realistic variations in magnetization
vector direction only reveal a slight link between anomalies observed west of Iberia and the

mapped basement surface.

5.3 Depths and trends of magnetic sources

Here I apply spectral and Euler' methods to the observed sea surface magnetic field in
order to make depth-to-source estimates across the margin. Because the depth to basement
(minimum source depth) is typically 5-9 km it is necessary to analyse anomalies on long profiles

or over large areas to faithfully represent the broadest wavenumber bandwidth possible. The
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Figure 5.8 Squared coherency between observed and calculated magnetic anomalies
along each of the profiles 1-29 of figure 5.6 contoured (0.1 intervals) in line number-
inverse wavelength space. Forward calculated anomalies from a model whose
magnetization vector is defined by Van der Voo (1990; 1=48, D=0) and geometry as

in figure 5.7. On the whole no significant correlation exists (values<0.5; greys) between
observed magnetic field and basement topographic variations at any wavelength on
any line, with the exception of 15 km wavelength on line 12 (values>0.5; red).

analysis is therefore divided into three regions based on previous investigation and interpretation
of the new charts (section 5.1;'Fig. 5.1): (1) east of the most seaward, tilted continental fault
block (continental crust); (2) east of peridotite ridges R3 and R4 and west of region (1) (OCT);

(3) west of peridotite ridges R3 and R4 (oceanic crust).
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5.3.1 Continental crust

Continental crust is almost certainly present in the region 40°N to 41°N, 9°W to 11°W
(see Figs. 2.4, 2.5 and 2.7; region S1). A westernmost bound of ~11°W is constrained by the N-S
refraction Line 1 of Whitmarsh et al. (1990) and the most seaward tilted continental fault block
observed on MCS profiles (Fig. 2.5); the correlation of tilted fault blocks with continental crust is
based on P-wave velocity models (R.B. Whitmarsh, pers. comm.) and results of ODP Legé 149
and 173 (Sites 901, 1065, 1069; discussed later). Although the basement chart (Fig. 5.2) does not
cover this region, the northern end of profile IAM-8 and profiles IAM-9, LG-12 and LG-14 at
their eastern ends do, in part, traverse this region. From these profiles it can be seen that
basement is very near to the seabed (within 1 km). Gridded bathymetric data (GEBCO digital
atlas) therefore provides a rough constraint on source layer depth. Basement in this region varies
dramatically due to the presence of the continental slope; from as deep as ~9 km in the west to ~1

km in the east.
5.3.1.1 Spectral character

The radially averaged power spectrum was estimated and modelled using the three
inverse methods presented in sections 4.1.1, 4.1.2 and 4.1.3 (Fig. 5.9). In addition, fitting straight
line segments to the observed power spectrum, suggests that three sets of sources exist within this
region at depths of 8.4, 3.0 and 0.5 km (Fig. 5.9a). The first apparent change in slope, at an
inverse wavelength of ~0.1 km, is reasonably striking. In contrast, the second change in slope, at
an inverse wavelength of ~0.4 km”, is less obvious. Moreover, an average depth to source of 0.5
km is impossible; average basement depths, and even seabed depths, are at least 4.8 km deeper. In
addition, a change in the character of the spectrum occurs at ~0.4 km™ (Fig. 5.9a); spectral
estimates at inverse wavelengths >~ 0.4 km' exhibit greater scatter than those at inverse
wavelengths <~ 0.4 km™'.-Comparison with the theoretical spectrum of Figure 4.1 may suggest
that fhe ;crustal’ wavenumber band is limited to inverse wavelengths <~0.4 km™. At higher
inverse wavelengths noise begins to dominate the spectrum. The ‘crustal’, band is broader than
those suggested for theoretical examples in Chapter 4, but the result is not surprising since source
depths are probably shallower in this region.

Inverse methods, described below, also support the idea that ‘crustal’ energy occurs at
inverse wavelengths <~0.4 km™. The power spectrum was modelled in an inverse sense by the

method of section 4.1.2, first by using the full bandwidth of data (model C1), second by assuming
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the “crustal’ signal occurs at inverse wavelengths < 0.4 km™' (model C2), and third by assuming
the ‘crustal’ signal occurs at inverse wavelengths < 0.15 km™ (model C3). Table 5.3 shows the

optimum solution parameter triplets (In C;, h,y ), whilst Figure 5.9b,c,d shows the recomputed

spectra for each model. In all three models source depth falls within the likely range of basement
depth (~1-9 km).
The success of the method is heavily governed by the bandwidth of the signal. Choosing a

narrow band at low wavenumbers in this case (i.e. 0-0.15 km™; model C3) results in a depth
variance, G,% , comparable to the computed depth. It is therefore considered a poor estimate of

depth. More favourable is a depth estimate of ~6 km, based on the inversion of data within the O-
0.4 km™ band (model C2), due to its relatively low variance and uncertainty, and the change in
character of the spectrum, mentioned above. Model C1 probably models high wavenumber noise
in addition to signal; an inverse wavenumber of 0.6 km'' represents a wavelength of 1.7 km, a
likely wavelength of noise generated by regridding of magnetic observations.

It has been suggested that a more realistic statistical description of the crustal
susceptibility distribution is one in which a long-range dependence exists (Maus and Dimri, 1996
and others; see section 4.1.3). Therefore, the same power spectrum was modelled in an inverse
sense via the method of section 4.1.3, for the three bandwidths described by models C1, C2 and
C3. Two approaches were taken; one in which the depth is described exactly (models C4, C5 and
C6) and one in which the depth is described by a Gaussiaﬁ probability distribution (models C7,
C8 and C9). Table 5.4 shows the optimum parameter triplets (InC;,A,y) and quadruplets

(InC,,h,y,62) with uncertainties in depth and scaling exponent, for each approach,

respectively. Figure 5.9 shows the equivalent forward calculated spectra.

band width (km™") InC, h (km) G iy (k) Gi (km?)
0-0.6 (C1) 17.39 4.41 0.17 1.43
0-0.39 (C2) 18.55 5.97 0.31 2.60
0-0.1 (C3) 20.26 9.67 1.36 8.26

Table 5.3. Optimum parameter triplets describing the best-fit power spectra from the inversion of the radially

averaged power spectrum in three band widths (models C1, C2 and C3) over continental crust. In C3 =constant;

. . . 2 . .
h =mean depth of source; G piny =uncertainty in depth estimate; O, =variance in source depth.
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Figure 5.9 (a) Radially averaged (thin line), N-S (circles) and E-W (crosses) power spectra computed

from the observed magnetic anomaly in region S1 (40°-41°N, 9°-11°W) over continental crust. Thick

lines fitted to segments of the radially averaged power spectrum have slopes proportional to twice the
depth of magnetic sources (Spector and Grant; 1970); these depths are 8.4 km, 3.0 km and 0.5 km. (b),

{c) and (d) show recalculated spectra from the inversion of the radially averaged power spectrum (crosses)
in inverse wavenumber bands of (b) 0-0.6 km™, {c) 0-0.4 km™, and (d) and 0-0.15 km™! by the Gaussian
method (solid line), scaling method (dotted line) and combined Gaussian and scaling method (dashed line).
Optimum parameter triplets and quadruplets are shown in Tables 5.3 and 5.4.
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Consider now the trade off between depth estimates and scaling exponents. Two schools
of thought exist; one in which the power spectrum contains limited depth information and is
dominated by scaling properties (e.g. Maus and Dimri, 1996), and another in which the power
spectrum contains source depth information and is not dominated by scaling properties. The latter

should predict y =0 and give a measure of the depth to magnetic sources, whereas the former
will give a measure of the way in which susceptibility changes over varying length scales, via v,

but provide no, or little, measure of source depth. However, it is conceivable that a continuum

exists between these two end members. y values of 3, 2, 1 and O imply scaling properties in 3, 2,

1 and O Cartesian dimension(s), respectively, and therefore as the scaling exponent decreases it
would seem appropriate that progressively more depth information is contained in the spectrum.
Since depth estimates generated from fractal crustal magnetization distributions are always
underestimated (e.g. Maus and Dimri, 1996), the measure of depth acts as a minimum bound
regardless of the scaling relationship. The smaller the scaling exponent, the better the minimum
bound.

As models C4-C9 show, again the opﬁrﬁum inversion parameters are highly dependant on
the spectral bandwidth chosen. This may at first seem to be a severe drawback in all the methods,
but in fact can provide some useful information. Consider models C4-C6 (Table 5.4). It may be a
fair assumption to discount model C4 because it is unlikely that signal is present at such high
wavenumbers (equivalent to inverse wavelengths in the band 0.4-0.6 km™), ie. noise is being
modelled. Models C5 and C6 are therefore considered the result of the inversion of signal. In the
bandwidth equivalent to inverse wavelengths < 0.39 km" (model C5) a scaling exponent of
2.8740.27 (near 3) suggests that very little depth information resides in the power spectrum.
Thus, susceptibility variatior{s on scales of 2.5 km or more are self-similar in three Cartesian
dimensions. In contrast, model C6, based on inversion of the spectrum in the band equivalent to
inverse wavelengths of 1.5 km'' or less, favours a scaling exponent of 0.83+0.53. Therefore, self
similarity of susceptibility on scales of 6.7 km or more is more likely uni-dimensional, and a
depth of 4.52 km may provide a good minimum bound. These results necessarily imply that self-
similar susceptibility variations are focussed at wavelengths in the band 2.5 to 6.7 km.

The two equivalent models employing a Gaussian depth probability distribution together
with a scaling relationship (models C8 and C9) can be assessed in a similar way. However,
inversion of the spectrum in the band 0-0.15 km'' results in a negative scaling exponent and an
unreasonably large depth estimate with a large variance, and is therefore considered a poor model.
A depth derived from model C8, however, compares favourably with that of model C6 (3.54 km
with a variance of 1.45 km compared with 4.52 km).
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The interpretation of the results from all methods is somewhat subjective; because of the
indeterminable nature of the problem the depth chosen is entirely dependant upon other
constraints and the interpreters experience and standpoint. If source depth is well constrained, for
example seen in outcrop, the third inverse method can provide a measure on Y and the likely
probability distribution of the dept'h parameter (see models C7 and C8; Table 5.4). It is clear that
further constraints are required and whichever approach is taken (and I leave the reader to decide)

caution is of the essence.

band width InC, h (km) G 4iny (k) o’ v O yiny
(km™)

0-0.6 (C4) 9.95 0.32 0.09 N/A 3,62 0.21
0-0.39 (C5) 11.54 0.98 0.18 N/A 2.87 0.27
0-0.15 (C6) 16.99 4.52 0.84 N/A 0.83 10.53
0-0.6 (C7) 13.02 2.09 0.39 0.67 2.30 0.35
0-0.39 (C8) 15.02 3.54 0.78 1.45 1.55 0.47
0-0.15 (C9) 26.67 17.12 17.54 ° 4.00 1.04

Table 5.4. Optimum parameter triplets and quadruplets describing the best-fit power spectra from the inversion of

the radially averaged power spectrum in three band widths over continental crust. Parameter definitions as Table

5.3 plus Y =scaling exponent; O, =uncertainty in ‘Y estimate.

Directional power spectra were also computed (Fig. 5.9a) to investigate the possibility of
a dominant trend in anomalies. Within the ‘crustal’ band, energy from anomalies in N-S and E-W
directions is of the same order of magnitude (base e) implying that either (a) the sources are
lineated but there is no preferred lineation of anomalies in the (x-y) plane, or (b) the sources are
not lineated in the (x-y) plane but instead are more likely to be approximated by point, or

vertically aligned, sources.
5.3.1.2 Euler analysis

3-D Euler deconvolution of the observed magnetic field, using a 5 km square operating
window, yielded solutions for structural indices in the range 0.0-3.0 at discrete 0.5 steps.
Practical implementation was complicated due to the physical nature of the dataset. The subset of
the chart of Miles et al. (1996; Fig 5.1) is gridded at an interval of 0.01° of latitude and longitude

which equates to grid intervals, in an equivalent Cartesian system, of 1.11 km and 0.85 km, in
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north-south (x) and east-west (y; at 40.5°N) directions, respectively. Because of this Cartesian
grid anisotropy, and the requirement of a square window in the 3-D Euler method, the surface
was recomputed at 1 km intervals in both x and y directions. Spatial aliasing of short wavelengths
in the x-direction was avoided by ‘block averaging’ whereas false oscillations in the y-direction
were suppressed by computation of the harmoqic surface using a continuous curvature surface
gridding algorithm in full tension (Wessel and Smith, 1991).

The region described above, once translated to a Cartesian coordinate system, covers a
grid 169 km by 111 km. Efficient computation of total field gradients by FFT requires a radix-2
number of points. Instead of bordering (padding) the data with mirror-images of itself, or part
thereof, the desired regions of real observed field, surrounding the designated study region, were
used; 44.5 km both east and west, and 72.5 km both north and south. These data were then
smoothed, by application of a space-domain cosine ramp, from the edges of the study region to
, the edges of the 256 km by 256 km grid in order to nullify the generation of fictitious
wavenumbers during FFT. Exactly the same preparation is applied to all 3-D Euler deconvolution
problems pertaining to real data (rather than synthetic) in this thesis.

An Euler solution falling within the defined study region was considered acceptable if its
depth uncertainty did not exceed 1% of its depth, calculated by least-squares inversion. A
statistical analysis was applied to the acceptable solutions (Fig. 5.10) and the interpretation is
given in the list below. The second theoretical example of section 4.2.7 acts as a particularly
useful comparison and is therefore cross-referenced.

(1) Only one acceptable solution exists for an assumed structural index of 0.0, at a depth of 2.9
km, due to large depth uncertainties. Contrary to the norm, shallower solutions here which are
* generally associated with low structural indices (SI), have relatively low depth uncertainties than
their higher SI counterparts. This anomalous result immediately suggests that sources may be
better imaged with higher structural indices.

(2) Kurtosis values are near zero (cf. Fig. 4.9) for all indices except for a large positive anomaly
at SI=1.0. Together with a range of no more than ~38 km (for all indices), and no more than 25
km (for realistic indices <1.5), this result strongly suggests good focussing of solutions on a
single depth if SI# 1.0. The measures of average (mean, median and mode), therefore, potentially
contain depth information.

(3) Mean, median and modal depths are greater than 5 km and do not exceed 20 km for all SI.
Therefore, under any assumption of éource geometry (excluding indices of 0.0 and 1.0 from
points (1) and (2) above), the analysis provides a highly probable depth window for the

generation of magnetic anomalies within continental crust. This has implication for the results of
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Figure 5.10 Results of a statistical analysis of source solutions derived from the 3-D Euler
deconvolution of the observed magnetic field in the region 40°-41°N, 3°-11°W over continental
crust. Statistics are computed from all acceptable solutions (depth uncertainty < 1% of calculated
depth) derived from the deconvolution using structural indices (S.1.) of 0.5-3.0 at discrete 0.5
steps. Only one solution for S.1.=0.0 was found (depth=2.9 km). Error bars shown on mean,
skewness and kurtosis plots. See text for discussion.
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spectral analyses of section 5.3.1.1.

(4) A relatively high positive skewness and an extremely high positive kurtosis at SI=1.0, flanked
by decreasing values at higher and lower indices, implies that two significant populations of
solutions exist. Observation of the histograms, and a measure of the standard deviations, suggest
source depths of 742.5 km and 12+2.5 km for a structural index of 1.0 (Fig. 5.11).

(5) Significant discontinuities in skewness and kurtosis, and standard deviation, mode and range

_ S.1.=0.5 1 S¢=1.0

frequency distribution (%)

0 10 20 O 10 20
Depth (km)

Figure 5.11 Euler deconvolution solution distributions for structural indices (S.1.)
of 0.0, 0.5 and 1.0 over the region of continental crust (see Fig. 5.10).

may suggest the most desirable structural index is given by 1.0 or L.5, respectively.

In summary, the analysis of the magnetic field, by spectral and Euler methods (the
method is indicated in the square parentheses) in the region 40°N to 41°N, 9°W to 11°W, has
contributed to the understanding of the nature of magnetic sources within (or beneath) thinned

continental crust such that they;

(1) are either (a) lineated with no preferred orientation or (b) not lineated but instead are point, or
vertically aligned, sources [analysis of power spectra];

(2) are either (a) distributed 5-38 km in depth for any type of source geometry, or (b) more likely,
from (b) in (1) above, represented on the whole, by vertically aligned structures, possibly dykes,
at depths of ~7.5 km on average, with ~+2.5 km of spread [Euler deconvolution];

(3) have magnetization distributions (described by field scaling exponents, y of ~2) which may

suggest that variations occur in only two dimensions, consistent with (1) and (2) above [analysis

of power spectra].
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If all possible scenarios are considered, magnetic sources may be interpreted to be (a) a
uniformly magnetized continental crust, and (b) dyke-like intrusions within or at the base of

thinned continental crust.

5.3.2 The ocean-continent transition zone (OCT) and its bounds

The region defined as OCT is analysed here in the same manner as was continental crust
in section 5.3.1. The eastern and western bounds of the OCT, based on previous work, and its
definition, were presented in Chapter 2. Although the inrductivist’s view of making no
preconceived notions should be applied to this study, practical implementation requires bounds
upon the region inferred to be OCT. Smaller scale features and anomalous zones within the OCT
are considered in Chapter 6.

Regions S2 and S3 (Fig. 2.7), described by 40°N to 41°N, 11°W to 13°W and 39.5°N to
40.5°N, 11°W to 12°W, are used for Euler and spectral analyses, respectively. Region S2 is
equivalent to the area of the basement chart (Fig. 5.2) and so is the preferred region for analysis;
magnetic source depths are constrained. However, because region S2 contains slivers of
continental and oceanic basement, as well as basement of unknown character (which is the target
of the analyses), region S3, which can. be assumed to be exclusively within the OCT, is used for
spectral analyses; Euler deconvolution soluttons within the OCT section of region S2 can be

isolated whereas power spectral analyses cannot.

5.3.2.1 Spectral character

Power spectra in E-W, N-S and radial directions were estimated in region S3 (Fig. 2.7)
and modelled in exactly the same manner as in section 5.3.1.1. Fitting straight line segments to
the radially averaged power spectrum resulted in source depth estimates of 6.2 km and 2.0 km
(Fig. 5.12a). The results of inversion of the spectrum are shown in Table 5.5.

As with models C1-C9, a similar problem associated with defining the correct
assumptions in, and therefore utilizing, the correct inverse method, is present here. Based on the
arguments of section 5.3.1.1, the interpretation of results of Table 5.5 as a whole suggest either:
(a) the average source depth is ~5.5 km with a variance no greater than ~2.5 km’ and a depth
error of ~+1 km (models T1, T2, T3, T7 and T8), or (b) no depth information is contained in the

power spectrum but instead a scaling exponent of ~2 or zero describes the self-similarity in the
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Figure 5.12 (a) Radially averaged (thin line), N-S (circles) and E-W (crosses) power spectra computed
from the observed magnetic anomaly chart in region S3 (39.5°-40.5°N, 11°-12°W} in the OCT. Thick lines
fitted to segments of the radially averaged power spectrum have slopes proportional to twice the depth

of magnetic sources (Spector and Grant; 1970); these depths are 6.2 km and 2.0 km. (b}, (c) and (d) show
recalculted spectra from the inversion of the radially averaged power spectrum (crosses} in inverse
wavenumber bands of (b) 0-0.6 km™!, (c), 0-0.4 km"! and (d) and 0-0.15 km-! by the Gaussian method
(solid line), scaling method (dotted line) and combined Gaussian and scaling method (dashed line).
Optimum parameter triplets and quadruplets are shown in Table 5.5.
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‘crustal’ band (models TS5 and T8, respectively).

Prevention against the ‘contamination’ of spectra by signals from other types of
geological source reinforces the philosophy that some preconceived notions are important when
modelling power spectra. If instead, the region under analysis was chosen to be 11°W to 12.5°W,
i.e. only 42 km wider, and with identical latitude variation (region S3B), a remarkable, but
troublesome outcome results. This region was first analysed to try to account for the most

westward part of the assumed OCT (directly adjacent to and east of R3; see Fig. 5.2)

band width InC; h (km) G iy (km) o, ¥ O yiny
(km™)

0-0.6 (T1) 17.88 5.04 0.31 1.98 N/A N/A
0-0.35 (T2) 18.20 5.56 0.47 2.52 N/A N/A
0-0.15 (T3) 18.53 579 171 1.70 N/A N/A
0-0.6 (T4) 11.52 087 0.18 N/A 2.68 0.33
0-0.35 (T5) 12.96 1.51 0.27 N/A 1.99 0.39
0-0.15 (T6) 19.78 5.88 1.11 N/A -0.66 0.74
0-0.6 (T7) 17.02 4.53 0.80 1.77 0.41 0.58
0-0.35 (T8) 18.41 571 1.25 2.60 -0.09 0.72
0-0.15 (T9) 31.75 20.71 5.57 19.73 -4.44 1.59

Table 5.5. Optimum parameter triplets and quadruplets describing the best-fit power spectra from the inversion of
the radially averaged power spectrum in three band widths in the ocean-continent transition zone (region S$3).

Parameter definitions as Table 5.4.

Computation of the radial and directional power spectra resulted in an almost identical
match between the E-W spectrum and the radially averaged spectrum (Fig. 5.13a). In contrast,
the N-S spectrum contains ~4 orders of magnitude (base e) less energy than its E-W and radial
counterparts. Anomalies of significant amplitude therefore have a preferred lineation in a N-S
direction. More specifically, becaﬁse power is a measure of the square of anomaly amplitudes, it
is deduced that E-W amplitude variations are ~7 times that of N-S amplitude variations (cf.
continental crust). At first sight, these results quantitatively reinforcement the hypothesis that the
OCT exhibits approximately N-S trending linear anomalies (Whitmarsh and Miles, 1995; see
their Fig. 2b and Fig. 2.8 here).
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Figure 5.13 (a) Radially averaged (thin line), N-S (circles) and E-W (crosses) power spectra computed
from the observed magnetic anomaly in region S3B (39.5°-40.5°N, 11°-12.5°'W) in the OCT, including
Tore seamount.Thick lines fitted to segments of the radially averaged or E-W power spectrum indicate
sources are at 6.4 and 2.0 km depth whereas the same proceedure applied to the N-S power spectrum
indicates depths of 8.6 and 3.2 km. The lower relative power in the N-S spectra and increased depth
estimates suggests that anomalies show a preferred orientation in the N-S direction. (b), (c) and (d) as
in Fig. 5.9 with optimum parameter triplets and quadruplets shown in Table 5.5.
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Fitting straight line segments to the radially averaged spectrum in the crustal band
(inverse wavelengths < 0.35 km™), in the style of Spector and Grant (1970) provides depths of
5.5 km and 2.5 km, the latter of which is impossible. Two distinct sources are defined by slopes
either side of ~0.1 km™ in the radial and E-W spectra and either side of ~0.125 km™ in the N-S
spectrum. However, proportionately more power in the lower wavenumber components of the N-
S spectrum implies a greater depth of the source; in effect the method will overestimate source
depths for directional spectral components deviating significantly from the normal to the trend of
anomalies. This has particular significance for the analysis of spectra along profiles. Inversion of
the radial spectrum, via the three methods of section 4.1, was also carried out; optimum

parameter triplets and quadruplets are shown in Table 5.6.

band width InC, h (km) O iy (kM) ci v G sinv
(k™)
0-0.45 (T10) 20.13 391 0.31 1.07 N/A N/A
0-0.35 (T11) 19.76 3.38 0.45 0.59 N/A N/A
0-0.15 (T12) 21.12 6.63 1.71 5.92 N/A N/A
0-0.45 (T13) 16.62 1.63 0.18 N/A 1.51 0.33
0-0.35 (T14) 17.77 2.13 0.27 N/A 0.95 0.39
0-0.15 (T15) 18.02 2.49 1.11 N/A 0.92 0.74
0-0.45 (T16) 19.22 3.36 0.80 0.84 0.43 0.58
0-0.35 (T17) 16.01 0.77 1.25 -0.84 1.62 0.72
0-0.15 (T17) 24.01 9.92 5.57 9.88 -0.98 1.58

Table 5.6 Optimum parameter triplets and quadruplets describing the best-fit power spectra from the inversion of
the radially averaged power spectrum in three bandwidths in the ocean-continent transition zone (region S3B).

Parameter definitions as Table 5.4.

Basement depths in region S3B are only partially constrained by the basement chart of
Figure 5.2. In approximately the northern half of the region (40°N to 40.5°N) basement depth is
constrained and is on average 8 km below sea surface. In the southern half (39.5°N to 40°N)
there is no control. It would therefore seem that all spectral methods produce gross' depth
underestimation. However, ciose examination of the bathymetric chart (Fig. 5.1a) reveals the
presence of Tore seamount (39.5°N, 13°W) which in places is only 3 km below sea surface.
Consequently, the crustal band of the power spectrum is likely to be broader; models T1, T2, T5
and T6 of Table 5.6 may represent good estimates of the optimum inversion parameters. The top
of Tore Seamount is implied to be the magnetic source dominating the spectrum at all

wavenumbers; the power spectrum is 2-3 [base e] orders of magnitude greater for all
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wavenumbers in the crustal band, compared with the spectrum of the region S3. This translates as
a 2.7-4.5 times magnetic anomaly amplitude increase, which is in fact the case (Fig. 5.1b). In
addition, a 2-D scaling exponent (7Y, ) of 0.43 is highly anomalous for expected susceptibility
distributions (see section 4.1); either the susceptibility distribution is anisotropic or does not

follow a constant scaling law.

5.3.2.2 Euler analysis

3-D Euler deconvolution of the observed magnetic field anomaly in region S2 (Fig. 2.7)
was implemented in exactly the same manner as above in the continental domain. Solution
distributions are shown in Figure 5.14 whilst the results of a full statistical analysis are shown in
Figure 5.15. Unlike the statistics derived from the deconvolution of the observed field over
continental crust, the statistics here are incredibly uniform over all SI; modal estimates provide
the only indication of a preferred SI due to the discontinuity between indices of 0.5 and 1.0 (Fig.
5.15). At higher indices modal depths flatten out to 11.5%1.5 km. Little skew and kurtosis is

observed and a depth function based on the mean and median is given approximately by
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Figure 5.14 Distributions of Euler solutions for structural indices (S)(Iﬁ of 0.0-2.5
resulting from the deconvolution of the field over the ocean-continent transition
in region S2 (40°-41°N, 13°-11°W).
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(4.2 X SI)+ 2.5km. Similar linear functions can be derived for maximum range and standard
deviation. At first sight there is no indication of a preferred structural index, and no means of

choosing a more probable source depth.
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Figure 5.15 Results of a statistical analysis of source solutions derived from the 3-D Euler
deconvolution of the observed magnetic field in region S2 (40°-41°N, 11°-13°W) within the OCT.
Statistics are computed from all acceptable solutions {depth uncertainty < 1% of calculated
depth) derived from the deconvolution using structural indices (S.1.) of 0.0-3.0 at discrete 0.5
steps. Error bars shown on mean, skewness and kurtosis plots. See text for discussion.

144



Source depths and trends

The four zones (A, B, C and D) defined by the character of basement topography and
magnetic anomalies (after reduction to the pole) provide a means of zoning solutions based on
their (x,y) position. Zoning is essentially a means of analyzing small groups of anomalies; the
partitioning of analyses into section 5.3.1.2, section 5.4.1.2 and the present section is a coarse
zoning.

Before presenting the results, it is worth noting that of all the solutions regarded as
acceptable, based on having depth uncertainties less than 1% of their calculated depth, also
exhibit small horizontal uncertainties that rarely exceed 0.5 km (Fig. 5.16). However, this
measure is independent of the relocation of solutions due to non-linearity caused by the

interference of adjacent sources (see section 4.2.6).
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frequency distribution (%)

0.0 0.5 0.0 0.5 0.0 0.5
positional uncertainties (km)

Figure 5.16 Distributions of positional uncertainties of Euler solutions of

Fig. 5.15 in E-W and N-S directions and with depth. Uncertainties in depth are
typically less than 0.25 km due to the acceptance level criterion. Horizontal
uncertainties are typically less than 0.5 km.

After classification of Euler solutions into zones A, B, C and D, strong contrasts between
the sets of depth distribution histograms of each of the four zones are apparent (Fig. 5.17):
Zone A. (Oceanic crust) Of all the four zones, the source depth distributions for all SI of zone A
best approximate a normal distribution, especially when described by structural indices of 2.5 or
3.0. At index values of 1.0, 1.5 or 2.0 the distribution has a slight positive skewness and kurtosis
that both reduce with increase in SI. Indices of 0.0 and 0.5 produce narrow distributions. Based
on the assumption that zone A is composed entirely of oceanic crust, and the average depth to top
basement is ~7 km (Fig. 5.2), the distribution of solutions in Figure 5.17a suggest a most
probable structural index of 1.0 (because (a) the solution distribution for SI=1.0 is the least

skewed, and (b) the average solution depth coincides with the top of acoustic basement). This

145




Source depths and trends

result and the existence of only one population of solutions supports the model that the main
source of oceanic crustal anomalies originates within sill-, dyke-, or lavaflow-like bodies near to
the top of the crust.

Zone B. The distribution of solutions in zone B are similar for all SI to those in zone A with one
important exception; a second population of solutions is present ~5 km deeper than the first
population for indices of 0.5 or more. Absolute depths are dependant upon the choice of SI; an
index of 1.0, for example, places the average depth of shallower solutions at ~7 km, i.e., at the
top of basement. The average depth of deeper solutions is at ~13 km. An SI=1.0 is chosen since
lower SI values result in the shallow solutions which overlay the top of basement.

Zone C. This region of the ocean-continent transition zone is different from that of zone B in
terms of solution depths, as well as basement topographic character and the qualitative nature of
the observed magnetic field. No solutions for SI=0.0 were encountered in zone C and average
solution depths were in general deeper than those encountered in zones B and C. For a SI=1.0 the
most probable solution depth cluster lies at ~10 km, whilst an index of 1.5 indicates solutions at
depths of ~13 km. At still higher indices solution depths cluster into two populations ~6 km apart;
this may be representative of two overlapping solution populations which are not discernible at
SI<2. If source geometry is assumed to be described by a combination of SI source depths may be
present up to 6 km below the top of basement.

Zone D. With distributions vastly different from those of the three previous zones, zone D is
characterized by a large bias towards shallow solutions (<4 km) even at high structural indices.
Nevertheless, there is no other preferred solution depth; the solution distribution is broad and near
rectangular for indices of 2.5 and 3.0. The interpretation here is that the main source of magnetic

anomalies occurs in the range 1-3 km although other sources as deep as ~15 km may exist.

In summary, the nature of magnetic sources in the OCT have been constrained by
spectral and Euler analyses and shown to be,
(1) lineated in a preferred N-S direction; resultant magnetic anomaly amplitude v.ariations are ~7
times greater when observed E-W compared to when observed N-S (E-W fluctuations are greater
than N-S fluctuations indicating N-S alignment of anomalies) [power spectral method];
(2) by the power spectral method, unresolved in depth because the power spectrum contains
source scaling information at the expense of depth information (underestimated average source
depths of ~5.6 km overlay top basement depths); a y estimates of ~2 (models T5; Table 5.5)

suggests magnetization variations occur in two Cartesian directions [power spectral method];
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(3) different, in terms of depth, in zones B and C (see Fig. 5.2); beneath top basement in zone B
(between peridotite ridges R3 and R4) magnetic sources are present at distinct depths of ~7 km
(top basement) and ~13 km (~6 km beneath top basement), whereas in zone C, sources are
present at ~10 km depth (~ 2 km below top basement) and represented by dyke-, sill- or lavaflow-
like source geometries (SI=1.0). A deeper set of sources may be present in zone C at ~16 km (~8
km below top basement) which are represented by a vertical pipe geometry (SI=2.0). The shape
of the solution distribution of zone A (oceanic crust) resembles that of zone B more so than that
of zone C suggesting that solutions beneath the western part of the OCT are more akin to those of
oceanic crust.

The significance of these results is discussed in Chapter 6.

5.3.3 Oceanic crust

Oceanic crust immediately adjacent to the ocean-continent transition was discussed in the
previous section (zone A); from analysis of Euler solutions the depths of sources are different
from those of the OCT (zones B and C) and continental crust (zone D). However, to better
understand the nature of the oceanic crust immediately adjacent to the OCT a comparison with
two adjacent regions of ‘normal’ slow-spreading oceanic crust was made. Firstly, region S4 (Fig.
2.7) whose crustal age is in the early anomaly 1-34 sequence, and secondly region S5 within the
Cretaceous Magnetic Quiet Zone (crust formed in the Cretacebus Normal Polarity Chron,

C34(N)) were used for spectral and Euler analyses.

5.3.3.1 Anomaly 1-34 sequence

An analysis of the radially averaged power spectrum yielded depth estimates of 8.3 km
and 1.5 km by the Spector and Grant (1970) method (Fig. 5.18), and optimum parameter triplets
and quadruplets from inversion of the spectrum as shown in Table 5.7.

The depth to oceanic crust ~75 Ma old is estimated (from simple isostatic calculations) to
be within a likely range of ~5-7 km, depending on the density of overlying sediments and the
degree of topographic variation. Therefore, although no model derived from the inversion of the
power spectrum within a sensible bandwidth provides an adequate estimate of the source depth,
models A2, A6 and A8 are the most likely candidates. A scaling exponent of near zero derived
from model A8 suggests that oceanic crustal magnetization exhibits no scaling relationship

between wavenumber components. This result is not surprising since magnetization models of
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Figure 5.18 (a) Radially averaged (thin line), N-S (circles) and E-W (crosses) power spectra computed
from the observed magnetic anomaly in region S4 (40°-42°N, 17°-19°W; within oceanic crust accreted
during anomaly 1-34 sequence time). Thick lines fitted to segments of the radially averaged
power spectrum have slopes proportional to twice the depth of magnetic sources (Spector and Grant;
1970) estimated to be 8.3 km and 1.5 km. (b), (c) and (d} show recalculated spectra from the inversion
of the radially averaged power spectrum (crosses) in inverse wavenumber bands of (b) 0-0.45 km™, (c)
0-0.25 km! and (d) and 0-0.15 km-! by the Gaussian method (solid line), scaling method (dotted line)
and combined Gaussian and scaling method (dashed line). Optimum parameter triplets and quadruplets
are shown in Table 5.7.

oceanic crust exhibits (a) no along axis (isochron parallel) variation in magnetization, (b) across

axis (isochron normal) variation dependant upon spreading rate only, and (c) vertical variation
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dependant upon the layer model of oceanic crust (e.g. Fig. 1.6), which can be approximated to a

uniform block model (see section 3.3.3).

band width InC, h (km) G iy (k) c; Y O yiny
(k)

0-0.6 (A1) 2175 5.53 0.22 2.25 N/A N/A
0-0.25 (A2) 23.12 8.09 0.53 5.37 N/A N/A
0-0.15 (A3) 23.69 9.71 1.18 8.34 N/A N/A
0-0.6 (A4) 14.41 0.75 0.12 N/A 3.07 021
0-0.25 (AS) 16.85 1.98 0.30 N/A 2.05 0.30
0-0.15 (A6) 20.76 4.74 0.71 N/A 0.68 0.44
0-0.6 (A7) 18.57 3.57 0.51 1.41 1.47 0.35
0-0.25 (AS8) 23.35 8.29 1.35 5.52 -0.08 0.54
0-0.15 (A9) 30.25 17.43 3.26 18.16 -2.09 0.82

Table 5.7 Optimum parameter triplets and quadruplets describing the best-fit power spectra from the inversion of
the radially averaged power spectrum in three band widths over oceanic crust (region S4; accreted at beginning of

anomaly 1-34 sequence). Parameter definitions as Table 5.4.

Alternatively, model AS may describe the sources based on the reasoning of Maus and
Dimri (1996); in this case, no depth information is supplied by the model, instead a scaling
exponent of ~2 describes the source magnetization distribution which implies that scaling
variations in magnetization occur in two directions; perhaps across axis and vertically down.

Depth distributions of Euler solutions are shown in Figure 5.19. Based on the computed
depth to basement constraint of 5-7 km (see above), a structural index of 0.5 (which describes a
source geometry as the edges of finite depth contacts) best describes the sources in this region;
source depths are focussed at 5 to 7 km. The field is therefore a result of basement relief effects
and/or layers of significant, but not infinite, thickness near to the top of basement (i.e. the

extrusive layer).

5.3.3.2 Cretaceous Magnetic Quiet Zone
An analysis of the radially averaged power spectrum yielded depth estimates of 6.2 km

and 2.5 km by the Spector and Grant (1970; Fig. 5.20) method, and optimum parameter triplets

and quadruplets from inversion of the spectrum as shown in Table 5.8.
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Figure 5.19 Distributions of Euler solutions for structural indices (S.1.) of
0.0-2.5 resulting from the deconvolution of the observed magnetic field

over oceanic crust in region S4 (within the anomaly 1-34 sequence between
40°-42°N, 19°-17°W).

band width InC, h (km) G iy (km) G. v O iy
(km)

0-0.6 (Q1) 20.41 4.42 0.17 1.37 N/A N/A
0-0.25 (Q2) 21.57 6.21 0.61 3.28 N/A N/A
0-0.15 (Q3) 21.61 6.23 1.33 3.08 N/A N/A
0-0.6 (Q4) 14.03 0.76 0.09 N/A 2.89 0.21
0-0.25 (Q5) 18.19 2.70 0.36 N/A 1.03 0.36
0-0.15 (Q6) 21.54 5.00 0.82 N/A -0.18 0.52
0-0.6 (Q7) 18.58 3.43 0.40 1.04 1.00 0.35
0-0.25 (Q8) 24.14 8.41 1.61 4.95 -0.97 0.66
0-0.15 (Q9) 29.66 15.60 3.85 14.67 -2.61 1.01

Table 5.8 Optimum parameter triplets and quadruplets describing the best-fit power spectra from the inversion of
the radially averaged power spectrum in three band widths over oceanic crust (region S5; accreted during

Cretaceous Normal Polarity Chron). Parameter definitions as Table 5.4,
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Figure 5.20 (a) Radially averaged (thin line), N-S (circles) and E-W (crosses) power spectra computed
from the observed magnetic anomaly in region S5 (38°-39.5°N, 15°-17°W within oceanic crust accreted
within the Cretaceous Normal Polarity Chron). Thick lines fitted to segments of the radially averaged
power spectrum have slopes proportional to twice the depth of magnetic sources (Spector and Grant;
1970) estimated to be 6.2 km and 2.5 km. (b}, (c) and (d) show recalculated spectra from the inversion of
the radially averaged power spectrum {crosses) in inverse wavenumber bands of (b) 0-0.6 km-?, {c} 0-0.4
km-! and (d) and 0-0.15 km-! by the Gaussian method (solid line), scaling method (dotted line) and combine
Gaussian and scaling method (dashed line). Optimum parameter triplets and quadruplets are shown in

Table 5.8.
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In general the resultant depths for each model compare favourably with depths obtained
from power spectral analysis in the anomaly 1-34 sequence. Models Q2 and Q3 may represent
good source depth estimators; a calculated depth of 6.2 km with a topographic variation of ~+1.8
km is plausible for oceanic crust of this age with topographic variation similar to that observed
west of Iberia (zone A; Fig. 5.2) and at the present day Mid-Atlantic Ridge (e.g. Fig. 2 of Searle
et al., 1998).

Models Q2 and Q8 necessarily imply a scaling exponent of zero, whereas model Q5 has a
near unity scaling exponent. Either value may be expected; by definition the Cretaceous Magnetic
Quiet Zone, or Normal Polarity Chron, is not expected to display any significant isochron normal
or isochron parallel magnetization variation, with the exception of variations in NRM due to
geomagnetic field intensity variations. However, vertical variations in magnetization may be
expected, in which case model Q5 represents the most plausible model of the scaling nature of the
source (source depth is underestimated because of the trade-off with scaling information).

Euler solutions also compare reasonably well with those derived from the anomaly 1-34
sequence (Fig. 5.21). Source depths at ~6 km, i.e. top basement, and a structural index of 1.0 are

preferred (based on the reasoning of the last section).
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Figure 5.21 Distributions of Euler solutions for structural indices (S.1.) of
0.0-2.5 resulting from the deconvolution of the observed magnetic field in
region S5 (oceanic crust accretwd within the Cretaceous Normal Polarity
Chron between 38°-39.5°N, 17°-15°W).
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5.4 Summary

An interpretation of the above analyses of basement depths and features, magnetic
anomaly trends, and magnetic source depths, distributions and types, on a large scale (10%10°
km), has revealed the following distinct characteristics across the West Iberia continental margin:
1) Continental crust east of ~11°W and in the region around and to the north of Vasco da Gama
seamount (VDG) is characterized by (observed) magnetic anomalies that either possess no
dominant trend or are sub-circular (1-D). However, after reduction to the pole N-S to NNW-SSE
anomaly trends become apparent especially in the region near VDG seamount to the north of
ODP Leg 149 and 173 Sites 901, 900, 1065, 1067, 1068 and 1069. These lineated anomalies
parallel at least three basement topographic highs that may extend as far as 50 km south from
VDG seamount beneath the southern Iberia Abyssal Plain. These lineated anomalies are most
apparent after a reduction-to-the-pole of the observed magnetic field when a declination of 0° or -
15° is employed.

Magnetic source depths are hard to define due to the probable scaling nature of the

crustal susceptibility; scaling exponent values (y) of 2-3 are consistent with the predicted value
(of 3; see section 4.1.3). A slight underestimate in y might suggest an anisotropy with less scaling
variation in one Cartesian direction. Source depth distributions are broad essentially due to large
variations (1-9 km) in basement topography in the vicinity of the continental slope. Nevertheless,
some source depth variations may also be independent of bathymetry; the majority of source
solutions occur near to the top of basement in the range ~3-7 km (bsl.) although a source depth
window to depths of 15-20 km is possible with a likely cluster at ~12 km.
2) The region commonly referred to as the ocean-continent transition zone from ~11°W to
12.5°W south of 40°40°N can further be divided into two zones based on basement topographic
character and the sources of magnetic anomalies. H;)wever, as a whole, observed magnetic
anomalies show a slight preferred N-S lineation. A minimum bound on magnetic source depths of
5.5-6 km is governed by the actual depth to top basement and the scaling nature of the
magnétization; a scaling exponent of near 2 suggests variations occur in one or half a Cartesian
dimension less than in continental crust, i.e. anomalies are more lineated over the OCT than over
continental crust.

In the western third of the OCT basement depth is typically <7.5 km with an average N-S
trend in basement features although at its western side trends are slightly east of north and at its
eastern side trends are west of north. The region is bounded in the west by peridotite ridge

. segments R3 and R4 and the region of overlap is deemed to be within the OCT domain. Observed
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. magnetic anomalies show no preferred lineations except in the region of overlap of the peridotite
ridges where an approximate 010° trend is observed. Most other anomalies are sub-circular. After
reduction-to-the-pole of the observed magnetic field, anomaly trends of NW-SE to N-S become
apparent particularly at magnetization declinations of 0°, —15° and -30°; this suggests that if the
magnetic sources posses a remanent magnetization it was acquired after the initiation of the
rotation of Iberia (see section 2.2). In particular, the isolated sub-circular magnetic anomaly near
ODP Leg 149 Sites 898 and 899 becomes reasonably well lineated in a NNW-SSE direction.
Magnetic source depths within this sub-region fall into two populations; the dominant cluster at
top basement depths (~7 km) and a second cluster at ~12 km depth. A structural index of 1.0 is
preferred, thus sources are likely to be sill-, dyke-, or lavaflow-like in geometry.

The eastern and more southerly region of the transition zone is described by subdued
basement relief at depths >~8 km. Observed magnetic anomalies are reasonably well lineated in a
N-S direction and become more apparent after reduction-to-the-pole with magnetization
declinations of 0° or -15°. This may suggest that sources possess a remanent magnetization which
was acquired after the initiation of rotation of Iberia, or that sources possess induced
magnetization. Source depths cluster at ~10 km i.e. within 0-2 km of basement surface, with a
preferred structural index of 1.0. However, for structural indices of 2.0, typical of point pole
sources, the population bifurcates; a more dominant population at ~15 km depth lies beneath a
population at ~10 km depth. These sources may be explained by intrusive pipe-like magmatic
bodies, especially within the lower set of sources, whereas sources near to the top of basement
may represent serpentinization variations due to focussing of seawater hydrothermal activity
along faults, for example.

3) Oceanic crust West of peridotite ridge segment R3 is defined by lineated anomalies with a
dominant NNE-SSW trend. Moreover, anomalies are sharpened (i.e. they exhibit a more
continuous linear character) when reduced-to-the-pole with a magnetization declination of 0°.
This suggests that the source remanent magnetization was acquired after the cessation of the
rotation of Iberia. Source depths are best described by a structural index of 1.0 when solutions
plot near to the top of basement at ~7 km depth. Sources occurring at the top of basement in
oceanic crust of the Cretaceous Magnetic Quiet Zone and the early anomaly 1-34 sequence are
best described by indices of 1.0 and 0.5, respectively. Thus sources in the oceanic crust
immediately adjacent to the OCT offshore West Iberia are possibly more akin to those of the
CMQZ than sources in the anomaly 1-34 sequence.

Further discussion of the significance of these results and their geological implications is

presented in Chapters 6 and 7.
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Chapter Six

Geological structure of the crystalline basement

in the Iberia Abyssal Plain

In this Chapter I consider the spatial distribution of magnetic sources in the southern
Iberia Abyssal Plain by the analysis and modelling of magnetic anomalies at sea level and near-
bottom. Together with the results of Chapter 5, the results presented here provide sufficient
information to constrain the sources of magnetic anomalies in a geological context. The onset
of seafloor spreading and the geological nature of the OCT is further constrained. Models of
margin development and melt production, largely consistent with recent seismic and ODP

results, are discussed.
6.1 Lateral variations in magnetization intensity and source layer thickness

Basement relief alone cannot explain the magnetic observations in the southern Iberia
Abyssal Plain (section 5.2.3). Therefore it is implicit that at least one other physical property is
dominant in shaping the observed magnetic field.

Continuous two-dimensional magnetization variations within a constant thickness
source layer were determined objectively by the inversion of the observed magnetic anomaly
chart in region S2 (40°-41°N, 13°-11°W; see Fig. 2.7). The basement depth chart of Figure 5.2
was used as the upper surface of the source layer in the 3-D method of Parker and Huestis
(1974). Realistic layer thicknesses of 4 and 7 km were assumed in each inversion run (Fig.
6.1). A total of 20 terms in the summation series and 20 iterations were utilized in the Fourier
procedure (see Chapter 3).

Short wavelength instability (< 5 km) was removed completely by application of a 2-D
high-cut wavenumber domain filter, whilst wavelengths between 5 km and 10 km were cosine

tapered (see F, (k) in equations 3.9 and 3.10). A minimum basement depth of ~5 km places a

resolution limit on the scale of variations. All wavelengths in the band 10-100 km were passed
whilst those in the band 100-200 km were cosine tapered to remove any residual regional

effects (see F, (k) in equations 3.15). Hence, variations on scales of 5-200 km are sought. No

preferred directional filtering was implemented in either F, (k) or F, (k) in order to avoid any
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bias prior to the interpretation stage.

A severe disadvantage in removing lateral magnetization variations on scales less than
5 km is that the method cannot test if the basement in the southern Iberia Abyssal Plain is the
product of seafloor spreading at rates less than ~10 mm/yr (see Fig. 3.9). At and below
spreading rates of 10 mm/yr, almost all constant polarity intervals older than CM4(N)
correspond to blocks that are less than 5 km wide. Even at spreading rates of 16 mm/yr many
blocks are only marginally greater than 5 km wide. Rejection of higher wavenumbers, however,
was unavoidable since it necessarily introduced false oscillations associated with the inverse
Fourier method.

The resultant magnetization distributions exhibit a difference in character either side of
an approximately NNE-SSW trending boundary which is coincident with peridotite ridge
segment R3 and the western flank of zone B of Chapter 5 (Fig. 6.1). South of ~40°26'N this
magnetization boundary shows continuity with no change in local trend, in contrast to the
peridotite ridge which is offset east by ~20 km (where it continues south as segment R4).
However, south of ~40°26'N the magnetization solutions immediately east of the boundary do
parallel those to the west, although amplitudes are approximately half of those to the west of
the boundary. West of the boundary, for an assumed layer thickness of 4 km, the region is
characterized by layer magnetizations whose moduli are commonly >0.5 A/m and when
contoured show a dominant trend in a NNE-SSW direction (Fig. 6.1a). Furthermore,
amplitudes (of magnetization moduli) often exceed 1.5 A/m and gradients are commonly
0.00015 A/m’. East of the boundary the region is characterized, on the whole, by a uniformly
weakly magnetized layer (moduli < 0.5 A/m) with the exception of a number of small isolated
highs whose moduli exceed 1.0 A/m (see also Discovery 215 Working Group, 1998).

East of peridotite ridge R3, four magnetization highs that are present in both solutions
of Figure 6.1, occur in different settings, in terms of the zones A-D of Chapter 5 (Fig. 5.2), and
each can be interpreted in a different way. Under the assumption of a 4 km thick source layer,
magnetization amplitudes of ~1.5 A/m at and around 40°40’N, 12°12°W (H1; Fig. 6.1a) were
also encountered in cores of serpentinized peridotite breccias from ODP Leg 149 Site 899
(Zhao, 1996). Thﬁs, the magnetization magnitudes derived from the inversions can be
‘calibrated’ against those obtained from cores; a ~4 km thick source layer, at least in the region
around Site 899, provides the means of satisfying the constraint.

At Site 1070 (Fig. 6.1) the same method of attempting to retrieve a layer thickness by
‘calibrating’ inversion and drilling results is more involved. Initial results (Whitmarsh et al.,

1998) indicate that there is a large spread in the measured magnetizations within all basement
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cores (Table 6.1), and that it is possible for the gabbro veins and/or serpentinized peridotite to
explain the magnetic field. Mean VRM inclinations in titanomagnetites from Unit 2B
(serpentinized peridotites) are clustered around +46° which strongly suggests a Cretaceous
origin for such rocks. However, in general all units possess an effective induced magnetization
intensity greater than their respective remanent magnetization intensities. Therefore, based on
the magnetizations in Table 6.1, and those computed beneath Site 1070, it is difficult to infer a
more probable layer thickness (4 km or 7km). Published results of the spread in magnetization

of the Site 1070 cores may provide further constraint on layer thickness.

Rock type Remanent magnetization (A/m) Induced magnetization (A/m)
Serpentinite breccia  (Unit 1) 0.05-0.1 0.01-0.2
" Gabbro veins (Unit 2A) 0.05-0.1 0.02-04
Serpentinized peridotite (Unit 2B) 0.005-0.05 0.02-0.5

Table 6.1 Range of magnetization intensities derived from basement cores at ODP Leg 173 Site 1070 (from

Whitmarsh et al., 1998). Effective induced magnetization calculated at 40°N.

If the magnetic source layer is equivalent to a layer exhibiting ‘crustal’ velocities' a
further constraint is provided by the modelling of wide-angle seismic data (Chian et al, in
press.; Dean et al., submitted; Discovery 215 Working Group, 1998); a ~4-5 km thick source
layer lies within the OCT and immediately west of the peridotite ridge, and a 6-7 km thick
source layer lies ~20 km west of R3 (Fig. 6.2). These thicknesses agree closely with those
required to produce realistic magnetizations in the inversion procedure that agree with
modelling and drilling results. However, thicknesses are notably smaller than expected for
normal slow spreading oceanic crust (7.110.8 km; White et al., 1992).

The magnetization high at 40°20°N, 12°33"W (H2) occurs in the region of overlapping
peridotite ridges R3 and R4 (Fig. 6.1), and also where basement control is poor (Fig. 5.2). It
may, therefore, be an artifact of the inversion which utilizes an overestimated basement depth
(if basement were to be shallower the magnetization amplitude would be lower since anomalous
magnetic field can be approximated by the product of depth to source and magnetization
magnitude). A third magnetization high is present east of R4 at 40°11’N, 12°10°'W (H3) and is
coincident with a basement topographic high within zone C (see Fig. 5.2). The fourth high near

to 40°50’N, 11°25’W (H4) is also located between basement control points. Layer thicknesses

"'Velocities < 7.9 km/s are classed as ‘crustal’ velocities although the corresponding rocks are not
necessarily crustal in nature.
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here may also be considerably greater than 4 km since continental crust is known to thicken to
the north beneath Galicia Bank; again, magnetization amplitudes derived from the inversion
may be overestimated. Thus, with the exception of H4, highs H1, H2 and H3 occur towards the
western limit of the OCT, within 25 km of R3 (highs H1 and H2) and within ~15 km of R4
(high H3).

In general, although magnetization amplitudes fall into regions (east and west of R3),
linear magnetization’ I:ontrasts are present across the southern Iberia Abyssal Plain (Fig. 6.1a).
In the west, over oceanic crust, between peridotite ridges R3 and R4, and in the western part of
the OCT, tile linear magnetization contrasts trend consistently east of north. In the central part
of the OCT and in the vicinity of Site 1065, linear magnetization contrasts are relatively weak
but also show a east of north to N-S trend. In the eastern part of the OCT linear magnetization
contrasts trend éonsistently west of north. '

Magnetization solutions derived from the inversion of total field measurements along
near-bottom profiles SAR95, TOBI91 and SAR93 show a similar pattern of higher
magnetization amplitudes towards the western side of the continental margin. Two sets of
inversions, with different high-cut filter wavenumbers, show different features (Fig. 6.3).
Firstly, with filter parameters identical to those applied to the inversion of the anomaly chart
(Fig. 6.1), profile TOBI91 shows that west of 12°10°W (75 km on profile) magnetization
solutions are characterized by peak to trough ampﬁtudes of 3-3.5 A/m and wavelengths
typically of 25 km. Gradients of 0.00014 A/m* compare favorably with those derived from the
inversion of the sea surface magnetic anomalies with the same layer thickness (Fig. 6.1). East
of 12°10’W solutions are characterized by peak to trough amplitudes of ~1 A/m or less,
wavelengths of ~25 km, and gradients approximately one third of those to the west. Profile
TOBI91 crosses 12°10°W ~30 km east of peridotite ridge segment R3.

Separately, profiles SAR93 and SAR95 are not long enough for a similar comparison
to be made. However, together they represent a composite profile across the margin and it can
be seen that either side of ~25 km distance on profile SAR95 (Fig. 6.3) the magnetization
solutions can be defined by differences in character, exactly the same as those defining the two
parts of the magnetization distribution of profile TOBI91. In addition, profile SAR95 exhibits
a pair of magnetization peaks with peak-to-trough amplitudes of ~1.5 A/m between 70 and 120
km distance.

When shorter wavelength (2.5 km) magnetization variations are included in the model
(Fig. 6.3b) a better fit between observed and forward calculated magnetic anomalies is

achieved. On profile TOBI91 most of the additional high wavenumber energy is focussed into
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the solution east of 12°10’W (75 km on profile) thus changing its character more so than west

of 12°10°W. On profile SAR93 additional high wavenumber energy is distributed throughout

the solution whilst on profile SAR9S little change is apparent; this may suggest that variations
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in magnetization structure beneath profile SAR9S5 occur on length scales of 5 km or more,
whereas variations in magnetization structure beneath profiles TOBI91 and SAR93 occur on

length scales ~2.5 km.
6.1.1 Basement formed by seafloor spreading

Based on the 2-D inversion of the anomalous sea surface magnetic field (Fig. 6.1), the
zone west of R3 is defined by 'relatively linear, 010°-trending magnetization highs and lows of
~3 A/m amplitude (peak-to-trough), whereas to the east of R3, amplitudes are subdued,
commonly <1 A/m (peak-to-trough), and with relatively little lineation. There also exist at least
two local magnetization highs with characters akin to those west of R3, lying within 25 km east
of R3. 1-D inversions of near-bottom magnetometer profiles indicate that a contrast in
magnetization solutions occurs ~30 km east of R3, rather than at R3 itself. The magnetization
high identified along SAR95 (at distances < 25 km along profile) is not observed the
magnetization chart (Fig. 6.1; from the 2-D inversion of sea surface anomalies), although it lies
along strike from high H3. Therefore, based on the inversion evidence, a change in the
magnetic character of basement occurs at ~12°10°W, approximately coincident with the
eastern limit of zone B (Fig. 5.2) rather than at the peridotite ridge R3. The region to the east
possesses a weak magnetic signature (absolute magnetizations <0.5 A/m) except for a few
isolated highs of <I A/m. Discovery 215 Working Group (1998) used this as a means of
determining the location of the first crust produced by seafloor spreading processes.

West of R3, the magnitude and lineated pattern of the magnetization solution (Fig.
6.1a) and the basement topographic patterns (Fig. 5.1) suggest that basement there is oceanic.
At first sight and in contrast, magnetizations to the east of R3 are not indicative of basement
with oceanic origins because of their lower amplitude and poorly developed linear nature. West
of R3, estimates of reversal sequence block widths, as defined by approximate local zero
crossings, match reasonably well with theoretical widths, thus indicating that the basement is
most probably oceanic in origin (Fig. 6.1). Block M3(R) is well developed with almost
constant width of ~14 km north of 40°15°N, and block M2(N) is moderately developed
betwéen ~40°15°N and 40°51°N with a width <7 km. Immediately west of M2(N) a region of
reversed magnetization ~10 km wide is present; although too wide to be equated to block
M1(R), the reasonably linear nature of its high gradient flanks (representing discrete changes in
magnetizéltion polarity) which are roughly parallel with the boundaries describing M3(R) and

M2(N), suggest that this negative feature may represent M1(R) within the bounds governed by
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the filter parameters in the inversion procedure. Table 6.2 shows that with the necessary high-
cut filter Q(femoving wavelengths <5 km)._very few of the reversal blocks can be resolved by
the inversion procedure, with the exception of MO(R), M1(N), M2(N), M3(R), M4(N) and
MS5(R) at the later end of the M-series.

Of all the high amplitude linear magnetization features in Figure 6.1, M3(R) is the
most prominent, in terms of along strike éontinuity. Its near constant width of ~14 km can be
explained by an infinite number of spreading rate and initiation tifne pairs. For example, if the
estimated 14 km width represents the entire width of M3(R), then a spreading rate of ~7 mm/yr
explains the observations (see Table 6.2). Alternatively, if seafloor spreading started exactly
midway through CM3(R; Fig. 2.1) time then the observed 14 km width can be explained by a
spreading rate of ~14 mm/yr. Spreading rates > 14 mm/yr with spreading commencing in the
latter half of CM3(R), and spreading rates between 7 and 14 mm/yr with spreading
commencing in the first half of CM3(R) would also explain the observed width.

In addition to the pre-CM3(R) seafloor spreading blocks, and contrary to the
description given in section 6.1 and by Discovery 215 Working Group (1998), there is some
evidence to suggest that M4(N) and MS5(R) may also be present. A positive feature east of
M3(R), which includes high H2, has along strike continuity from ~40°10’N to ~40°53’N,
although the northern half is obscured, on its eastern flank, by high H1. Nevertheless, M4(N)
has a width of ~11 km. Block M5(R), discernible from ~40°10°’N to ~40°25°N, is even less
continuous than M4(N), and exhibits a width of ~8.5 km. Such block widths for M4(N) and
M5(R) imply spreading rates of 11.5 mm/yr and 16.5 mm/yr, respectively. Together with the
estimate of 7 mm/yr, calculated from the width of M3(R) assuming continuous seafloor
spreading, such frequent and large changes in spreading rate are not consistent with a steady-
state model. However, the average spreading rate from MS5S(R) to M1(R) (inclusive) is 11.1
mm/yr.

On the sea surface magnetic profile, coincident with MCS profile IAM-9,
magnetizations, derived from an inversion, were adjusted to account for a likely change in layer
thickness based on the coincident velocity model of Dean et al. (submitted; Fig. 6.4a). Seafloor
spreading can only be modelled west of R3 at a spreading rate of 12 mm/yr with only ~13 km
width of block M3(R); within CM3(R) and CM2(N) time an increase in layer thickness derived
from the velocity model can be adequately incorporated in the magnetic model. Such a block
width is consistent with the widths derived from the 2-D inversion (Fig. 6.1). Magnetic bodies
east of R3 cannot be modelled by seafloor spreading assuming a spreading rate of 12 mm/yr.

On profile TOBI91, with continuous seafloor spreading assumed, M4(N) is the oldest
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block that can be modelled, with confidence, by inverse methods. However, with the peridotite
ridge marking a gap in the reversal sequence (possibly emplaced post seafloor spreading?),
MS5(R) can also be modelled; this requires that between the beginning of CM5(R) (~128.25
Ma) and the end of CM3(R) (~125 Ma) seafloor spreading was constant at a rate of 8 mm/yr
(Fig. 6.4b). After CM3(R) a rate of 10 mm/yr explains the observations.

Block Width (km) @ 6 | Width (km) @ 8 | Width (km) @ Width (km ) @ | Observed width
mm/yr mm/yr 10 mm/yr 12 mm/yr (km)
MO(R) 3.6 4.8 6.00 7.2 NO
MI(N) 16.14 21.52 26.9 32.28 NO
MI1(R) 222 2.96 . 37 444 ~10
M2(N) 4.08 5.44 6.8 8.16 ~6.5
M3(R) 12.06 16.08 20.1 24.10 ~14
M4(N) 5.7 7.6 9.5 11.40 ~11
MS5(R) 3.06 4.08 ' 51 . 6.12 ~8.5
MS5(N) 0.84 1.12 1.4 1.68 NO
M6(R) 0.66 0.88 1.1 1.32 NO

Table 6.2 Theoretical widths (100 m accuracy) of seafloor spreading blocks at spreading rates of 6-12 mm/yr
compared with observed widths derived from local near zero crossings of the inversely determined 2-D

magnetization solution. NO=not observed.
6.1.2 Lateral variations in thickness of the source layer

Instead of assuming that the magnetic anomalies within the southern Iberia Abyssal
Plain are caused by magnetization variations within a layer of constant thickness, it is not
unreasonable to assume that they are in fact caused by thickness variations of a layer that
possesses a constant magnetization direction and magnitude. In fact, both processes may
contribute to the field, but as explained in Chapter 3 it is difficult, mathematically, to
simultaneously determine variations in magnetization magnitude and layer thickness objectively
using inverse methods. Therefore, I attempted to model layer thickness alone by the method
described in Chapter 3. Unlike the inversions of section 6.1.1, which are typically used to
retrieve the normal-reversed magnetization boundaries within oceanic crust, the inversions here
require a source with constant magnetization direction. Thus it is somewhat meaningless to
assume a remanent vector. Instead, a constant magnetization vector parallel to the present day

geomagnetic vector was used in the inversion, i.e. the basement magnetization is assumed to be
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induced. This assumption means that the method cannot test whether basement has an oceanic

origin.
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Figure 6.4 Magnetic models along profiles (a) and (c) IAM-9 and (b) TOBI91. (a) From bottom

to top (1) inverse derived magnetization solution (7 km layer thickness and vector direction of

Van der Voo, 1990) and best estimate of block magnetization structure; (2) magnetic model

showing base of ‘crustal’ layer (dashed line; Fig. 6.2b), seafloor spreading blocks (+0.8 A/m),

continental crust (0.1 A/m; stippled), undefined magnetic bodies (-0.8 A/m; grey); (3) observed

and recomputed anomalies; (4) residual between anomalies in (3). (b) Seafloor spreading

model (blocks £0.8 A/m, except non-magnetic R3) and observed and recomputed anomaly.

(c) Alternative model along IAM-9 showing that anomalies can be modelled by deeper sources

in the OCT. Model parameters as in (a).
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The upper surface of the magnetic source layer was extracted from the chart of Figure
5.2, and the coincident magnetic anomaly extracted from the chart of magnetic anomalies along
four E-W profiles across the margin (Fig. 6.5). Inverse solutions were determined for a number
of different initial layer thicknesses and magnetization magnitudes but convergence of the
procedure was impossible to achieve in every case. Nevertheless, five models whose solutions
generated after only 3 iterations are shown in Figure 6.5.

Models T1-T4 shows some interesting features; the source layer is (a) ~5 km or more
thick from at 13°W (0 km) and steadily decreasing to O ~km thick at the peridotite ridge , (b)
non-existent (~0 km thick) at the position of the peridotite ridge (~15 km wide), (c) up to 5 km
thick in a region ~30 km east of the peridotite ridge. In model T5 the source layer is ~3-5 km
thick east of 70 km, but negative west of 70 km. Although the models are not necessarily very
good models in a quantitative sense, they provide a template for a possible geological scenario
within the limits of the geophysical method, i.e. they are possibly the best models that can be
achieved under the circumstances. ‘

Variations in source layer thickness are better achieved through repeated inversions for
magnetization. For each inversion, if a different source layer thickness is assumed, the
solutions can be ‘calibrated’ against drilling results by matching the inversion-derived
magnetization with the magnetization of basement cores; the most reasonable assumed source
layer thickness creates the closest match in magnetization. This method is not only
mathematically and computationally much easier to achieve but also allows one to test more
likely working hypotheses; the assumption of a varying intensity magnetization can test the two
hypotheses of ultra-slow seafloor spreading and unroofing and serpentinization of the mantle as
means of margin development in the southern Iberia Abyssal Plain. The assumption of constant
magnetization intensity and direction can necessarily only test a varying thickness continental
crustal hypotheéis for OCT make-up. However, based on drilling and other findings, this

hypothesis is becoming increasingly more difficult to justify.

6.2 High resolution magnetic character from the analysis of near-bottom observations
Near-bottom observations can provide further constraints of the origin of the sources

of magnetic anomalies in the southern Iberia Abyssal Plain. The following three sub-sections

are therefore concerned with the analysis of the total field intensity and the three orthogonal

components of the magnetic field.
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6.2.1 Euler analysis

The difference in source type either side of ~12°10’W, which has been determined
from basement depth analysis (section 5.2.2) and magnetization solutions (section 6.1), is
further supported by the 2-D Euler deconvolution solutions derived from near-bottom profiles
SAR95, TOBI91 and SAR93 (Fig. 6.6).

Interpretation of the results, firstly by solution density (number of solutions per cross
sectional area along track) suggests three different regions are sampled:

(1) A region of high solution density in which solution patterns are M -shaped and occur west
of ~75 km on profile TOBI91, at the westernmost end of profile SAR95 (<15 km distance),
and west of ~85 km on profile SAR93. Solutions pertaining to structural indices of 0.0 are

typically characterized by M -shaped patterns. This can mean either (a) the structural index is

underestimated (see Fig. 4.5 part b), or (b) the patterns are caused by interference due to close

proximity of source bodies (non-linearity; see section 4.2.6 and Fig. 4.6). Some of the M -
shaped patterns of solutions representing an index of 0.0 are mimicked by higher index
solutions and therefore are regarded as being the result of the proximity of vertically sided
bodies. Furthermore, each individual M -shaped pattern represents the occurrence of a
magnetic boundary whose position is governed by the error associated with interference (see
section 4.2.6 and Fig. 4.6); the positional error cannot be determined and therefore the
magnetic boundary is assumed to occur at the position described by the apex of each M-
shaped pattern.
(2) A second region of intermediate solution density occurs east of 75 km on profile TOBI91,
east of 85 km on profile SAR93, and between 17 km and ~30 km on profile SAR95 (Fig. 6.6);
M -shaped patterns of solutions are poorly developed which suggests that either neighbouring
boundaries are sufficiently far apart such that little interference occurs, or that source body
contrasts are weaker than those in zone (1). i
(3) A region of very sparse solution density is present east of ~30 km on profile SAR9S.
Clusters of solutions at 78 km, 96 km and 112 km suggest only very weak magnetic contrasts
exist at these positions. 4

Fitting theoretical reversal boundaries to solution apices shows that M4(N) on TOBI91
is the oldest seafloor spreading anomaly that can be modelled by this method. The peridotite
ridge is also defined as a separate magnetic block on profiles SAR93 and TOBI91, consistent
with the inverse models above. Moreover, the depths of Euler solutions west of R3 coincide

almost exactly with the top of basement. In contrast, the boundaries marking the limits of the
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6.2.2 The character of magnetic boundaries

The three orthogonal components of the magnetic field, in north, east and vertically
downward directions, along near-bottom profiles TOBI91 and SAR95 were used to locate
magnetic boundaries (significant magnetization contrasts), and to calculate the strike of each
boundary. Although magnetic measurements were made in three orthogonal directions (fixed in
the fish coordinate system) along profile SAR93, only the computed total field was recorded.

The intensity of spatial differential vectors (ISDV; see section 4.3.1) identified 22 and
ttmagnetic boundaries along profiles TOBI91 and SAROS, respectively (Fig. 6.7). A threshold,
or critical error level, of 50 nT/km, above which ISDV peaks are selected to determine the
positions of magnetic boundaries, was chosen. Minima in ISDV are commonly ~50 nT/km and
therefore such a level represents an ambient background level; ISDV maxima below 50 nT/km
either mark the position of insignificant boundaries or are a result of noise. In addition, data
within ~5 km of the ends of each profile were not. used in the analysis because of the
contribution of vehicle turning anomalies has a disproportionate effect on the componental field
and its gradients (end of profile SAR9S are not included in Fig. 6.7).

Computation of magnetic boundary strikes was achieved via equations 4.19b and 4.20
using data in a window 2.8 km wide and centred on each ISDV maximum. The width of the
window was limited by the minimum spacing of ISDV maxima; a constant window size was
employed in the computation of each boundary strike to allow a fair comparison between strike
estimates. A data spacing of 0.1 km resulted in 27 pairs of points in each inversion for
boundary strike. Figure 6.8 shows the spatial distribution of magnetic boundaries whilst Table
6.3 lists explicitly the strikes, with their associated errors, at the location of each ISDV
maximum.

It can be seen that the strikes of all magnetic boundaries are distributed about an
approximate N-S trend although those within the northern region of the OCT (beneath profile
TOBI91) generally possess a west of north trend, comparéd with a dominant east of north trend
west of R3. Beneath profile SAR95, in the southern region of the OCT, magnetic boundaries
strike east of north, although towérds the eastern region of the OCT magnetic boundaries strike
west of north and resemble those within the northern part of the OCT. In contrast, within
continental crust beneath both profiles magnetic boundaries strike both east of north and west

of north.
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Standard deviations of computed boundary strikes can also provide information other
than the error in the strike estimate. Because each boundary was calculated using the same
window size, relative standard deviations can be used to determine whether magnetic
boundaries possess a three dimensional nature. As suggested by Seama et al. (1993), 3-D
magnetic structures can be identified by relatively large standard deviations in the calculated
strike because the boundary vector is non-constant within the window of data used to determine
the actual strike. Therefore, although only qualitative, boundaries 8, 9, 10, 14, 15 and 16 on
profile TOBI91, represent magnetic boundaries thth are relatively more three-dimensional than
the other calculated boundaries. Of these six boundaries, three lie in close proximity to the
+100 nT magnetic high observed at the sea surface in close proximity to ODP Site 898 (Fig.
6.8); this single sea surface magnetic high is in fact observed as two highs on near-bottom
profiles TOBI91 and SAR93 (see Fig. 6.3). The other three magnetic boundaries lic at the
eastern side of the OCT beneath TOBI91. The remaining boundaries (with standard deviations
< 10°) are considered to be relatively two-dimensional because of their small standérd
deviations. In general, magnetic boundaries agree well with the anomaly map, although near to
Site 900 they appear to cross cut the sea surface magnetic contours at near right angles.
However, once observed anomalies are reduced-to-the-pole, and therefore relocated over their
respective source bodies, the strikes of these boundaries agree well with the trends of RTP
anomalies (see Fig. 2.8).

On comparing the positions of ISDV maxima and a model of seafloor spreading (Fig.
6.7), boundaries 1-6 on profile TOBI91 match with the positions of reversal boundaries if
spreading rates of 10 mm/yr and 6 mm/yr, west of peridotite ridge R3 (Site 897) and east of
R3, respectively, are used. Other boundaries cannot be matched with theoretical reversal

"boundaries at any spreading rate.

6.2.3 Spectral character

The spectral character (Fig. 6.9) of each of the three near-bottom magnetic anomaly
profiles reveals that the sources of magnetic anomalies are consistently at the top of basement
within the vicinity of the ODP transect and MCS profile IAM-9. Also, a deep magnetic source
is observed beneath profile SAR9S (coincident with IAM-9) at a depth of ~6.5 km below top
basement. This source is not observed on profiles SAR93 and TOBI91. In additfon, a deep
source, at a depth of 25-26.5 km below the top of basement is observed on all profiles. This is

interpreted to be a residual regional effect which was not removed by a first order regional fit.
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Number Strike Standard Number Strike Standard
deviation deviation
TOBI91 TOBI1
1 23 1.8 12 -6.8 3.5
2 -10.6 5.6 13 2.5 9.6
3 142 9.9 14 -24.4 15.1
4 04 33 15 -57 12.8
5 S.1 1.4 16 11.0 21.0
6 7.2 0.7 17 -19.4 5.4
7 -39 4.5 18 20.9 1.6
8 -17.3 14.8 19 14.2 2.5
9 2.8 132 20 -11.2 3.1
10 -12.4 19.4 21 -31.4 1.8
11 -10.9 43 22 24.5 7.8
SAR95 SAR9S
1 8.1 5.0 7 12.5 5.5
2 9.7 7.3 8 4.1 7.9
3 6.8 8.9 9 11.0 1.1
4 12.3 4.7 10 154 6.7
5 10.5 9.1 11 12.2 8.2
6 -3.9 1.2

Table 6.3 Magnetic boundary strikes, and standard deviations, of magnetic boundaries whose locations are
determined from maxima in computed ISDV along near-bottom magnetometer profiles TOBI91 and SAR9S5 (Fig.

6.7).

The results suggest that the depth of magnetic sources are different beneath the two
transects; in the south, beneath MCS profile IAM-9 (coincident with SAR9S5) there exists a
deep magnetic source, ~6.5 km below top basement, in addition to the source near to the top of
basement, whereas beneath, and in the vicinity of the ODP transect (approximately coincident
with TOBI91 and SAR93), magnetic sources only exist near to the top of basement. However,
comparison with the anomaly profiles and Euler solutions, the shallower source (near to top
basement) is body B1(N) and the deeper source occurs within the bulk of the OCT beneath
profile SAR95 and is described best by a structural index of 1.0. The significance of these

sources are discussed in section 6.4.
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Figure 6.9 Logarithm of the power
spectrum calculated from the total field
anomaly along deep-tow magnetometer
profiles SAR93 (top), TOBI91 (centre)

and SARS5 (bottom). First order regional
trends were removed from profiles before

- the computation of each spectrum. Each
spectrum has been modelled using the
Spector and Grant (1970) method of

- fitting straight lines to band limited
segments. On profiles SAR 93 and

TOBI91 identical and distinct source

| depths of 29 km and 2.5 km (below the
observation level) are sucessfully modelled.
" Each fish was towed, on average, ~2.5 km
above the top of basement. Therefore,
source depths are shown to be consistently
-2 T — T T at the top of basement and ~26.5 km below
basement in the vicinity of the ODP drilling
transect. On profile SAR95, three sources
are modelled sucessfully and found to be at
| the top of basement, and ~6.5 km and ~25
km beneath top basement. An average fish
height of 4 km above basement was used.
Th deepest source modelled is attributed
to the residual regional field (unaccounted
for by the removal of a first order trend).
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6.3 The onset of steady-state seafloor spreading
Steady-state, or organizéd, seafloor spreading describes a geological process in which

the accretion of a magmatic oceanic crust occurs continuously through geological time with the

separation of two plates at a constant rate. Basement formed by such a process is recognized
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geophysically primarily from (a) the identification of linear, seafloor spreading, magnetic
anomalies, and (b) the vertical velocity structure of basement derived from seismic refraction
modelling. Multichannel seismic reflection profiles can also provide additional, but less
definitive, information.

Criterion (a) requires that magnetic anomalies be modelled by a series of normally and
reversely magnetized blocks whose widths are determined from the duration of chrons and a
given spreading rate. The application of criterion (b) is slightly more involved. The successful
diagnosis is dependant upon crustal thickness, velocities, velocity gradients and spreading rate.
If a velocity model fits within the velocity bounds of Atlantic oceanic crust (White et al., 1992;
Fig. 6.2c) then it is considered to be ‘normal’ oceanic crust. However, at spreading rates of less
than 10 mm/yr, mantle velocities (>7.9 km/s) are encountered at shallower levels with the
reduction in seismic layer 3 thickness and overall crustal thickness (e.g. Muller et al., 1997).
Both are still nevertheless the product of steady-state seafloor spreading. '

Oceanic crust formed as a result of non-steady-state seafloor spreading processes, i.e.
intermittent or varying melt production, is very difficult to define. If data do not satisfy both the
magnetic and velocity criteria above then it may be difficult to justify an oceanic origin.
However, if only one criterion is satisfied, or both are only partially satisfied (e.g. some, but
not all, magnetic anomalies can be modelled, and parts of the velocity structure resemble parts
of the oceanic crustal section) the subsurface may bé considered to have some oceanic affinity, -
although not truly oéeanic (as defined by the two criteria above). Although essentially a
semantic enigma, here I define a geological process which, as will be shown in the following
sub-sections, can explain the magnetic and seismic observations in the southern Iberia Abyssal
Plain. The nature of the basement resulting from this geological process shows characteristics
akin to those of oceanic crust and unroofed mantle. In a sense, the process is similar to one
which occurs at ultra-slow and some slow oceanic spreading centres (e.g. Cannat, 1993), but I

stress that the two are not necessarily synonymous.

6.3.1 Apparent location

The location of the onset of steady-state seafloor spreading in the Iberia Abyssal Plain
has previously been estimated to be either immediately west of peridotite ridge segment R3
(Whitmarsh et al., 1990, 1996a; Whitmarsh and Miles, 1995; Fig. 2.3) or immediately east of
R3 (Whitmarsh and Miles, 1995; Fig. 2.3). West of R3 seafloor spreading rates of 10 mm/yr
and 14 mm/yr have been estimated from near-bottom profiles TOBI91 and SAR93,
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respectively (Whitmarsh et al., 1996a); the difference in spreading rate can be explained by the
SAR93 track obliquity with respect to the major axis of seafloor spreading related features.
Spreading rate estimates of 9 and 10 mm/yr from modelling of sea surface anomalies were
proposed by Whitmarsh and Miles (1995) for the Iberia Abyssal Plain and Tagus Abyssal
Plain, respectively.

" The inverse modelling and analyses presented earlier in this Chapter have yielded the
following spreading rates, times and positions for the onset of steady state seafloor spreading;
either (1) 10 mm/yr starting 124.7 Ma and at the position of the westward limit of M2(N; Fig.
6.1), or (2) 10 mm/yr starting 126.1 Ma, immediately west of R3 (Fig. 6.1). Under conditions
of varying spreading rate, it is possible that seafloor spreading started ~10 km east of R4 128.2
Ma at 8 mm/yr, although Euler and magnetic boundary evidence suggest that 127.7 Ma at 8
mm/yr is a better estimate.

Because the inverse analyses implemented so far cannot resolve very short reversal
sequence blocks (<5 km width) an alternative and common way of analyzing seafloor spreading
magnetic anomalies over a region is to correlate peaks and troughs from track to track and
compare them with theoretical anomalies generated from models of constant spreading rate,
i.e., forward modelling. This method has provided the means of deriving some North Atlantic
plate kinematic models (e.g. Masson and Miles, 1984) and has been used to determine the ages
of onset of seafloor spreading, for example in the Labrador Sea (Srivastava and Roest, 1995).
In the southern Iberia Abyssal Plain, gridded magnetic anomalies with good track control allow
modelling with a higher degree of accuracy; rather than correlating track ‘wiggles’ of varying '
amplitude, the contoured chart, in which amplitude is represented by colour, can be used
instead. This also eliminates problems associated with the extremely high amplitude of the J
anomaly. Forward models, however, suffer from inherent non-uniqueness, and their
interpretation generally suffers from a lack of objectivity.

Figure 6.10 shows that, west of R3, a spreading rate of 10 mm/yr rather than rates of 8
mm/yr and/or 6 mm/yr is more favourable; anomalies aM3(R), aM2(N) and aM1(R) are
discernible and match well with the same theoretical anomalies, whilst aM1(N) and aMO(R)
are obscured by the J anomaly. At and north of 40°30’N, in the vicinity of the ODP drilling
transect (Whitmarsh et al., 1998) where the identification of R4 is uncertain (see section 5.2.2),
anomalies east of the northward projection of R4 cannot be fitted by seafloor spreading models.
In contrast, at and north of 40°30’N anomalies in the region between R3 and R4 can be
satisfied by seafloor spreading models with spreading rates of 10 or 8 mm/yr.

South of 40°30’N, near to and in the vicinity of the IAM-9 transect, observed sea
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surface anomalies can be explained by seafloor spreading at rates of 8 mm/yr as far east as
~12°30’W and as far west as the southern end of R3. In addition, anomalies in the region
12°30°W to 11°20’W can be explained by seafloor spreading at rates of 6 mm/yr. Most
anomalies, and in particular the higher amplitude positive anomaly, aX(N), here assumed to be
associated with the combined effects of M11A(N) and M12.1(N; Figs. 2.1 and 6.10), show
little isochron parallel continuity but are instead sub-circular. The exceptions are a positive
anomaly, aY(N), here assumed to be associated with the effects of M16(N), and a negative
anomaly, aZ(R), here assumed to be associated with M17(R; i.e. aM16(N) and aM17(R),
respectively) which exhibit linearity as far south as ~39°25°N where the effects of Estremadura
Spur disrupt its continuity.

In the Tagus Abyssal Plain similar magnetic anomaly features to those in the southern
Iberia Abyssal Plain are observed. West of ~12°W observed anomalies can be explained by
seafloor spreading at a rate of 10 mm/yr, as previously determined by Pinheiro et al. (1992).
Anomaly aM3(R) and anomaly aX(N) are linear and continuous features, whilst most other
anomalies have little continuity in any direction. East of ~12°W, and as far east as 12°15'W,
observed anomalies match well with theoretical anomalies derived from a seafloor spreading
model at a rate of 6 mm/yr. Anomalies aY(N) and aZ(R) can be identified as linear features
from 38°N to 37°N. Further support that these two anomalies (at 12°30°W and 12°15’W) are
in fact aM16(N) and aM17(R), respectively, comes from their left lateral offset between the
TAP and the IAP; the amount of offset (~40 km) is equal to the offset of the early M-series
anorr;alies and the J anomaly which are identified with confidence.

If the anomalies are correctly identified the implications associated with these new
magnetic anomaly identifications are very significant; they suggest a steadily increasing
spreading rate from 6-10 mm/yr. The location of the onset of seafloor spreading south of
~40°30’N is displaced eastwards from previous estimates (Whitmarsh and Miles, 1995;
Whitmarsh et al., 1996a). Hence, the distance between the first (i.e. most landward) seafloor
~ spreading anomaly (aM17(R)) and the assumed most seaward continental crust, i.e. the ocean-
continent transition zone, appears to be in the range 40-60 km in the region south of ~40°45°N,
and in the range 20-30 km in the region north of 40°45’N adjacent to Galicia Bank. In contrast,
seismic measurements have yielded OCT widths of 130 km (Pickup et al., 1996) and 170 km
(Dean et al., submitted) along the IAM-9 profile (40°20’N), and at least 40 km along the ODP
drilling transect (40°40°N; Chian et al., in press). In addition, if the newly calculated OCT
width of ~40-60 km is also present in the Tagus Abyssal Plain an estimated position of the

most seaward continental crust may be made (see Fig. 6.10).
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The hypothesis that the peridotite ridge marks the landward limit of oceanic crust is not
entirely supported by the work in this section. However, certainly within the southern Iberia
Abyssal Plain, its position does represent the most landward location where relatively
continuous, linear parallel magnetic anomalies occur. These anomalies can be explained by
seafloor spreading models at rates of ca. 10 mm/yr; east of R3, anomalies are scarcely aligned
in an isochron parallel direction but can be explained by 2-D seafloor spreading models at rates
of less than 10 mm/yr. An eastward progression is accompanied by a decrease in spreading rate
from 10 mm/yr to 8 mm/yr to 6 mm/yr. The peridotite ridge is therefore significant in that it
may be present at the location where the spreading rate increases to 10 mm/yr, i.e. from ultra-
slow to slow, rather than at the onset of seafloor spreading. In addition, this may provide a
means of speculating about the position of a further peridotite ridge segment within the Tagus

Abyssal Plain (Fig. 6.10).

6.3.2 Apparent timing

The timing of the initiation of seafloor spreading is one of the most important pieces of
information that can be used to understand the development of the continental margin and the
processes occurring between continental rifting and steady-state seafloor spreading. Models
indicate that melt production is highly dependant on rift duration (see Chapter 1) and therefore
a lower age bound provides a means of determining the time at which rifting processes
subsided and gave way to seafloor spreading processes.

Based on the models of section 6.3.1, the presence of anomaly aZ(R), assumed to be
aM17(R), in the southern Iberia Abyssal Plain suggests that seafloor spreading was active
~141 Ma. However, between aM17(R) and the approximate position of R3, spreading rate
increases and the velocity structure does not resemble that of ‘normal’ Atlantic oceanic crust.
Therefore, the basement cannot be assumed to be the product of a steady-state seafloor
spreading process. Steady-state seafloor spreading can be assumed to commence at
approximately the beginning of, or in the first half of, CM3(R; ~126.5 Ma), based on all the
available modelling evidence to date (Whitmarsh et al., 1990, 1996; Whitmarsh and Miles,
1995; this study).

Not unlike anomalies aY(N) and aZ(R), some observed anomalies immediately
predating CM3(R) can be explained by seafloor spreading blocks. However, most models
require that the peridotite ridge segment R3 be non-magnetic, relative to its surroundings.

Thus, the peridotite ridge may be a relatively non-magnetic body which was emplaced by later
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horizontal extension or mechanical intrusion. Anomaly aX(N) can be successfully modelled as
aM11A(N) and aM12.1(N) in the vicinity of IAM-9, and aM5(N) and aM5(R) can be
successfully modelled on profile TOBI91. Seafloor spreading processes may therefore have
been active at ~128 Ma and ~134 Ma in the northern and southern parts of the study region,
respectively. Such timing for onset of seafloor spreading is compatible with the northward

propagating rift model (Whitmarsh and Miles, 1995)

Based on forward models presented sections 6.2.1 and 6.2.2 (this section) only, the
location of the onset of seafloor spreading may therefore be some 85 km further east than
previously estimated in the Iberia Abyssal Plain and Tagus Abyssal Plain. However, as
mentioned earlier, more than one change in spreading rate is not consistent with a steady-state
seafloor spreading model. In addition, the velocity structures along IAM-9 and CAM-144 are
incompatible with basement of oceanic origin (Fig. 6.2); only the top 3 km of basement,
represented by the high velocity-gradient layer (Dean et al., submitted), fits within the velocity
bounds of Atlantic oceanic crust (White et al., 1992). However, this may simply reflect the
presence of fractures and voids in the upper layer. Dean et al. (submitted) do suggest, however,
that a further 1.5 km of melt may be present within unaltered mantle peridotite to account for
their high velocity, lower layer, although they favour a model of serpentinized mantle peridotite
with no melt.

At first sight the sefsmic data of Dean et al. (submitted; Fig. 6.2b) and their subsequent
review of expected melt volumes at the West Iberia margin, and the magnetic interpretation of
this section do not agree. Moreover, estimated depths from Euler and spectral analyses suggest
that magnetic sources within the southern region of the OCT are present at sub-basement
depths of ~6 km. As indicated by Euler solutions along SAR95 (Fig. 6.6), magnetic sources
which are present at the top of basement dominate the westernmost ~30 km of the OCT ,
whereas the deeper sources dominate the remainder of the OCT. Therefore, I suggest that the
upper layer of Dean et al. (submitted) cannot be a major contributor to the magnetic field.

Because many geological processes that occur at ultra-slow spreading rates have been
shown to be significantly different from those occurring at spreading rates >10 mm/yr (e.g.
Bown and White 1994; Muller et al., 1997), the results presented so far do not rule out an
oceanic origin for the basement in the OCT. If oceanic crust is assumed, the across-margin
changes in spreading rate necessarily imply that non-steady-state seafloor spreading conditions
prevailed and happened partly at ultra-slow spreading rates. Further discussion concerning the

significance of these results is addressed in sections 6.4 and 6.5.

184







Geological structure: West Iberia

“(ureld [essAqy snbel=dy 'ule|d |[eSsAQy Buaq| UIBYINOS=dY| 'S !ISNIO [BJUSURU0I=D?) ‘X0q 995)

elaq) aloysyo Aijawoab paniasqo eyl suiejdxs () japow AjuQ “sixe abpu ay) je Buiuels pue ‘uonebodoid yu
jo oyels sy} uey) Jajealb ajel e je spiemypou BupeiBiw 902unos Jutog (9) ‘wibrew [gjuaunUoD By} Je pajeniul
pue spiemyinos BuneiBiw aainos Julod (q) ‘uibsew Jejusunuos syl Je pejeiiul a2inos jutod Aleuonels e se
aomos Ajewoue ey (e) "s|epouwl |[e ul (Y) LIND 10 Uels 8y Je pajelliul 821nos AJewoue- oy ‘aul| paysep se
sixe abpu ueaoo-piw pue ‘pajjaqe) syoolq Bulpesids Jooeas ‘spiemyuou sayebodold Pu syl ISiym Josi
Alewoue-p oy} syew auy Aa16 >olyl te0inos Afewoue-[ JO LUOIIBOO| BY) SHyJBW 810110 ¥oB|g "(SE6L ‘SalIlN pue
yslewnypn) Juswdoaaep uibiew Joy oueuadss Yu Bunebodoid e §o Ixejuod sy uiyum uaalb si j|spow yoedg
"elaq| IS8 a1oysyo uibiew [ejuaulUoS 8y} pue Arewoue-p ay) ‘sallewoue oeubew Buipeaids 100y ees
Sales-|\ 2y} usamiaq paatesqo diysuoneles [eoawoab ay) Jo suonejussaldal onewsyos L1'9 ainbid

("H)onwo Jo pus () (N)LND -piwi (g) (N) LD HEls (2) (") 1o vess (1)

-—— ===

186



Geological structure: West Iberia

6.4. Geological nature of magnetic sources across the continental margin

Here I discuss the possible geological nature of the sources of magnetic anomalies
across the West Iberia continental margin. In particular, I address the results in context with
the results of seismic studies and drilling results. Models of margin development are discussed

in section 6.5.
6.4.1 Thinned and extended continental crust

The region seaward of the continental slope, consisting of rotated fault bounded blocks
observed on MCS profiles IAM-9, LG-14 (Pickup et al., 1996, Pickup, 1997), LG-12 (Beslier
et al., 1993), CAM-146 and CAM-144 (Fig. 2.5) is interpreted to be thinned continental crust
(Fig. 5.2). Pickup et al. (1996) also suggest that a strong reflector, M, on profile IAM-9 (Fig.
6.12), which rises from ~14 km to ~12 km depth (B/L.) over ~35 km probably represents the
seaward shallowing of the Moho, which together with the concurrent seaward decrease in fault
block size, is strongly indicative of a crust thinning from ~10 km to ~4 km. Furthermore, in the
same region Pickup et al. (1996) identify top-to-the-west normal faults, for example D (Fig.
6.12), which continue almost as deep as the M reflector and are likened to reflectors H and L
on L.G-12 (Krawczyk et al., 1996) and the S-reflector off Galicia Bank (Winterer et al., 1988;
Reston et al., 1995; Reston, 1996) all three of which are interpreted to be intra-continental
detachment faults.

Seismic velocities obtained from wide-angle seismic experiments suggest that the
eastern end of refraction line CAM-144 and the northern ends of refraction lines CAM-134 and
CAM-136 (Chian et al., in press; see Fig. 2.5) are underlain by continental crust, thinned to
only ~2 km. Dean et al. (submitted) show that their seismic velocity profiles at the eastern end
of IAM-9 are consistent with the thinned continental crustal origin proposed by Pickup et al.
(1996) on the coincident MCS profile (Figs. 6.2 and 6.12). Refraction Line 1 of Whitmarsh et
al. (1990; Fig. 2.5), which intersects IAM-9 west of the proposed seaward extent of continental
crust (see above), has also been interpreted to overlie thinned continental crust. However, a
reinterpretation of the velocity model with the newer findings in mind suggests otherwise (see
section 6.4.2); I interpret only the northern third of the profile as thinned continental crust.
From the seismic data alone the location of the seaward extent of thinned continental crust is
reasonably well constrained, at least along and between closely spaced seismic profiles.

Results from ODP Leg 149 and Leg 173 are largely consistent with the seismic

187



Geological structure: West Iberia

interpfetation of the seaward extent of continental crust (Figs. 2.4 and 2.6). Continental crust
had to be inferred at Sites 901, 1065 and 1069 since crystalline basement rocks were not cored;
the overlying sedimentary rocks have features indicative of continental crust (Whitmarsh et al.,
1998). Shallow water (few hundred meters) Upper Jurassic (Tithonian) sedimentary rocks in
the deepest cores at Sites 1069 and 1065 indicate that the basement under both Sites is
continental in origin (Sawyer et al, 1994; Whitmarsh et al., 1998). Moreover, assuming
isostasy the Sites were necessarily underlain by only slightly thinned crust in the Tithonian. At
Site 1069 a thin layer of shallow water limestone clasts is overlain by a clay which is very
similar to that encountered at Sites 901 and 1065 (and therefore Tithonian (?) in age). The clay
is overlain by a slumped nanofossil chalk (Upper Berriasian-lower Valanginian; ~137 Ma)
whose assemblage indicates an outer shelf-slope depositional environment. However, the chalk
may not be in situ. Nevertheless, Whitmarsh et al. (1998) suggest that the crust beneath Site
1069 is continental.

Results from Sites 900 and preliminary results from Sites 1067 and 1068, all of which
lie within 1.4 km of each other on the same basement high (named Hobby High) and all of
which penetrated crystalline acoustic basement, may suggest that basement here is also
continental in origin. However, there is still much debate as to the origins of the cored rocks on
'Hobby High' and discussion of this subject is left until the next section.

The results of analyses presented in Chapter 5 successfully discriminated continental
crust from basement to the west assumed to be part of the OCT. Source depths in continental
crust derived from Euler deconvolution of the magnetic field between 9°W and 11°W (region
S1; Fig. 2.7), and over the southern part of Vasco da Gama seamount, are broadly distributed
in depth. In plan view the sources generally either possess no dominant trend or are point-like
in nature. Their scaling nature is consistent with models of crustal susceptibility (values 2-3).
Reduced-to-the-pole anomalies (Fig. 2.8) over the continental crust and are in fact only
moderately lineated in a 350° direction, most of which occur at the westernmost edge of
inferred continental crust with amplitudes of ~-125nT to 25nT. Anomalies over the continental
shelf and over topographic highs, for example Galicia Bank (which includes Vasco da Gama
seamount and Vigo seamount), Estremadura Spur and Tore seamount are generally sub-
circular with positive amplitudes of typically 200 nT, very similar in character to those over
the Iberian mainland (R.Macnab, pers. comm.).

The position at which anomaly trends change from ~350° to 010° (11°15'W;
Whitmarsh and Miles, 1995) does not coincide exactly with the edge of the continental crust

determined from seismic and drilling results; the easternmost region of the OCT (region TE;
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Fig. 2.8), some 50 km wide at the position of IAM-9, possesses a magnetic character similar to
that of the westernmost thinned continental crust (region CW; Fig. 2.8). Moreover, lineated
anomalies in the OCT, in particular aZ(R), continues as far north as Site 1065, i.e. ~33 km
north of, and ~50 km east of the suggested continental limit (Fig. 6.10). It is therefore unlikely
that a distinct discontinuity in magnetic character occurs at the proposed edge of the
continental crust. This may suggest that the sources of anomalies are in fact beneath the
thinned continental crust and lie within the mantle; this agrees with source depths derived from
Euler deconvolution (sections 5.3.1 and 5.3.2).

The origin of the lineated anomalies within the westernmost thinned continental crust
(region CW) and easternmost OCT (region TE) are therefore likely to be related, possibly a
result of the same phenomenon. Moreover, these anomalies are likely to be different in nature
to those that exist over thicker continental crust (region CE; Fig. 2.8), including those over the
Iberian mainland, because of their difference in amplitude and shape (R.Macnab, pers. comm.).
The linear nature of the anomalies in region CW has previously been proposed to be the result
of linear basement relief resulting from normal faulting within the context of a propagating rift
model (Whitmarsh and Miles, 1995; see Chapter 2). However, because the anomalies within
region CW also occur within region TE (the easternmost OCT), and are similar to those in the
majority of the OCT, in amplitude and wavelength, but not trend, the sources of these
anomalies may be more akin to those of the OCT (see next section).

To conclude, magnetic anomalies over the region inferred to be thinned continental
crust (from drilling and seismics) have their sources beneath the base of, or deep within,
thinned continental crust. I propose that sources of the same type exist within the eastern region

of the OCT and therefore their origins are likely to be very similar.

6.4.2 The ocean-continent transition zone

RTP anomalies (Fig. 2.8) over the majority of the OCT trend at ~010°, parallel to the
seafloor spreading anomalies yet oblique to those observed over thinned continental crust.
Whitmarsh and Miles (1995) suggested that the sources of these anomalies were intrusive
magmatic bodies, impregnated into continental crust under the same stress regime as that which
accompanied oceanic crustal accretion. Since then however, the nature of the OCT has been
proven to be unequivocally non-continental in nature, and in fact is probably unroofed and
serpentinized upper mantle peridotite (Brun and Beslier, 1996; Beslier et al., 1996; Pickup et
al., 1996; Discovery 215 Working Group, 1998; Chian et al., in press; Dean et al., submitted).
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In section 6.3.1 I showed that some of the anomalies within the OCT can possibly be
traced into and across the Tagus Abyssal Plain; these anomalies can be explained as seafloor
spreading anomalies aM16(N) and aM17(R). Three-component magnetic profiles also show
that the strikes of magnetic boundaries are in general consistent with those expected of seafloor
spreading blocks (Fig. 6.7). Euler solution positions and local magnetization zero crossings,
however, do not successfully retrieve the boundaries of reversal sequence blocks if seafloor
spreading is assumed; in fact the results of Euler deconvolution support a model in which the
depths of anomalies are up to ~5 km sub-top-basement, as does spectral analysis (see Chapter
5). But in addition, many other sea surface anomalies are only moderately lineated and cannot
be explained by the reversal sequence.

In the next two sub-sections I suggest that the sources of the magnetic anomalies
within the southern Iberia Abyssal Plain are (1) intrusive bodies at depths of up to ~5-6 km
below the basement surface, and (2) serpentinization contrasts within upper mantle peridotite at
the top of basement. Figure 6.13 shows, schematically, the possible mechanisms for generating

the anomalies.

6.4.2.1 Magmatic intrusions

In the northern part of the southern Iberia Abyssal Plain, immediately south of Vasco
da Gama seamount in the vicinity of ODP Sites 1065, 1067, 1068 and 900, the sources of
linear reduced-to-the-pole anomalies in the upper mantle are continuous across the boundary
between true sub-continental mantle, and mantle exposed within the OCT (Fig. 2.8). The most
significant anomaly, possibly aZ(R), continues from a position ~8 km east of Site 1065 to
~39°30'N, an approximate distance of 115 km. Because the basement in the vicinity of Site
1065 is unequivocally thinned continental crust but further south it is unequivocally not
continental cfust, I propose that the source of this anomaly must originate within the upper
mantle. It thereforé cannot be a 'true’ seafloor spreading anomaly source. In support of this
argument is that in the vicinity of Sites 1069 and 900, Chian et al. (1998) found that
continental crust was only ~2 km thick and thus very unlikely to produce any significant
magnetic field.

The depths of linear magnetic sources within the OCT are derived from Euler
deconvolution solutions (see Figs. 5.17 and 6.6). Taking the zonal nomenclature of Figure 5.2,
those in zone C, the zone of subdued relief, are present at depths of ~11 km and ~13 km for

structural indices of 1.0 and 1.5, respectively, and both at ~10 km and 16 km for a for
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structural index of 2.0 (Fig. 5.17). If a combination of these realistic geometrical and
geological models (dyke-, sill-like intrusions, intrusive cylinder; see section 4.2.3) exists, they
all fall within ~7 km of the top of basement. Euler solutions in zone B, between peridotite
ridges R3 and R4 where basement depths plateaus at ~7 km depth (see Fig. 5.2), show a
bipolar distribution (Fig. 5.17) with solution foci ~5 km apart; for dyke- and sill-like
geometries the upper set of solutions fall at top basement (~7 km depth). Solutions in zone A
(oceanic crust) show a near-normal distribution clustering at the top of basement. The Euler
solutions presented by Discovery 215 Working Group (1998) éhow such distributions along
profile IAM-9, as does Figure 6.6, in part. '

Comparing sensible estimates of scaling exponents, y (derived from the 'modelling of
power spectra; see Chapter 5) from the four regions (A, B, C and D) suggests that the anomaly
sources within the OCT are more akin to those within oceanic crust created during a period
within the anomaly 1-34 sequence (y=1-2). Transition zone 7y estimates are generally < 2
whereas 'y for continental crust is typically 2-3 and y for'CMQZ oceanic crust is = 1.

Based on all the evidence presented thus far, I propose that the sources of magnetic
anomalies within the OCT are (a) syn-rift intrusions, and/or (b) intrusions associated with
seafloor spreading. Further, because different magnetic analyses satisfy the conditions of both
these scenarios, zones C, B and A represent a gradual progression from late-rift related
magmatism (zone C; although, see section 6.5.3 for ages) to the organized oceanic 'block-
model'-type section (zone A). The magmatic intrusions in parts of zone C and certainly those in
zone B may be regarded as proto-oceanic-type bodies, because of their ability to satisfy
seafloor spreading conditions, yet with poor continuity (e.g. Bonatti, 1985; see Chapter 7), and
also show characteristics of those in zone C. The model presented here is consistent with
geochemical models in which a temporal progression from early lithosphere-dominated magma
sources to later asthenosphere-dominated sources is observed within rift zones (Wilson, 1989;
Lavecchia and Stoppa, 1996; see section 1.1). This may be explained in terms of increasing
degrees of partial melting and increasing rates of crustal extension and mantle upwelling (Bown
and White, 1995).

In order to 'groundtruth’ the magnetic interpretation, the preliminary interpretations of
Sites 1067 and 1068, and the results of Site 900 are considered. These Sites represent the only
locations in the southern Iberia Abyssal Plain where a significant proportion of mafic material
was cored. However, as previously mentioned, the geological nature of the basement high over
which Sites 1067, 1068 and 900 lie (‘Hobby High’) is not fully understood. A summary of the

relevant evidence for the origin of "Hobby High' is given below.
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/7T

Figure 6.13 Schematic cross sections showing potential mechanisms by which
linear magnetic anomalies are generated by serpentinized upper mantle and/or
extended continental crust. 0's designate relatively non-magnetic parts of the
model; +'s and shaded regions mark parts of the model which are relatively
highly magnetic (normal or reversed). Arrows mark position of RTP anomaly
maxima or minima. Anomalies are linear in a section-normal direction providing
faults are lineated. (a) Crustal section prior to extension during ‘domino’ style
faulting and rotation, ignoring problems associated with keels. (b) Relatively non-
magnetic continental fault blocks are thinnest over most shallow, and therefore
most serpentinized parts of upper mantle. Anomalies result from relative
distances to sources. (¢) Homogeneous continetal crust is extended above
unserpentinized, and therefore relatively non-magnetic upper mantle. Anomalies
result from relative thicknesses of source layers.

Evidence for a continental origin comes from, (1) Tilted fault blocks (with the same

character as those observed within unequivocal continental crust; Beslier et al., 1993) are

observed on profiles LG-12 and CAM-144 (Fig. 2.5) and form 'Hobby High' and the basement

high located ~14 km west, respectively, over which Site 1069 lies only 5 km to the north and

has been inferred to be continental crust (see section 6.4.1); (2) Two N-S ridges that extend

south of Vasco da Gama seamount, which is unequivocally continental in origin (Capdevila

and Mougenot, 1988), align with the two basement highs over which sites 900 and 1065 were

drilled (Fig. 5.2). Because the Site 1065 high is probably continental in origin (see section
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6.4.1), it is not unreasonable to suggest that the Site 900 high is also continental in origin. (3)
Zircons from a vein of tonalite gneiss intruded into amphibolite at Site 1067 have recently been
dated, by U-Pb methods, as Variscan in age (R.B. Whitmarsh, pers. comm.).

Evidence to suggest a non-continental origin comes from, (1) Gabbros cored ét Site
900 have epsilon Nd values in the range +6 to +11 indicative of a MORB type source with
subsequent seawater alteration (reflected in the Sr isotopic ratio; Seifert et 2’11., 1997). Their
major element compositions and low incompatible trace element content suggest they formed as
cumulate gabbros and their REE patterns resemble those éf cumulate gabbros from 26°N along
the MAR (Seifert et al., 1997); (2) The gabbro has been dated, by Ar*Ar* dating of
feldspars, at ~136 Ma (Féraud et al., 1996), which together with petro-structural constraints
(Cornen et al., 1996) has been used to infer a syn-rift origin. Alternatively, and more likely -
because the Ar*/Ar* date only corresponds to the closure time of feldspar (at approximately
280°C), this represents the time when the gabbro was exhumed above the 280°C isotherm, and
therefore represents the minimum age of the gabbro. (3) The tonalite gneiss cored at site 1067,
which could equally be named a plagiogranite (Streckeisen, 1976), together with the presence
of epidosite (Site 1067), which probably lies stratigraphi'callyv above the cumulate gabbro at
Site 900, suggest that the rocks here might be oceanic in orig_in. However, this is by no means
conclusive and furthermore, no extrusive rocks were cored.

The conflicting drilling results vpresented above cannot be further resolved from the
seismic refraction experiment of Chian et al. (in press; Fig. 2.5); Site 900 falls approximately
midway between two OBS instruments, one of which (OBS 6) has been interpreted to overly
thinned continental crust ~7 km to the north of the Site, the other (OBS 7) which indicates a
basement origin of serpentinized upper mantle some 12 km south of the Site. Their velocity
modelling cannot, therefore, discriminate against either of the two types of basement.

From the cores at ODP Sites 900, 1067 and 1068, there may be reasonable evidence to
'groundtruth’ an accretionary/magmatic origin of the sources.of magnetic anomalies within the
OCT and beneath thinned continental crust. The quasi-oceanic origins of the mafic rocks on
'Hobby High', and a lack of extrusive rocks, provide potential evidence for the origins of the
magnetic sources suggested (deep-seated intrusions). However, although the rock
magnetization studies of the Site 900 gabbro remain unpublished, X. Zhao (pers. comm., 1994)
has suggested that the average effective magnetizations of the gabbro are ~0.02 A/m. Although
too low to explain near-bottom or surface magnetic anomalies of significant amplitude (~ 100
nT peak-to-trough), sufficient spread in the data might warrant the explanation of such rocks

being the sources of magnetic anomalies. Similar MORB-like gabbros within layer 3 of oceanic
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crust have been shown to be contributors to seafloor spreading magnetic anomalies; effective
intensities of 0.5 A/m (Opdyke and Hekinian, 1967), 0.63 A/m (Irving et al., 1970) and ~1
A/m (Kent et al., 1978; Fig. 1.6) have been recorded. Dunlop and Prévot (1982), however
assign magnetization intensities of ~1 A/m to isotropic gabbros yet assign only 0.2 A/m to
cumulate gabbros.

Disregarding then apparent non-magnetic character of the Site 900 gabbro, gabbroic
intrusions can provide the necessary magnetization contrast with unaltered peridotite to
generate significant linear anomalies. Moreover, Harrison (1976) used spectral analysis to
suggest that a deep source (oceanic layer 3?) contributes to seafloor spreading anomalies and
therefore must retain a record of the field polarity. It is therefore possible that the gabbroic
intrusions within the OCT can be modelled using the reversal sequence of Gradstein et al.
(1994). There is therefore reasonable evidence to suggest that the modelling of seafloor
spreading anomalies across the OCT is also consistent with the origin of sources suggested

here.
6.4.2.2 Serpentinized peridotite

Intrusive magmatic bodies more likely account for the lack of correlation (or anti-
correlation) between observed anomalies and those generated by basement topography, than
sources which are assumed to be serpentinized peridotite (Fig. 6.13). If magnetic sources were
serpentinized peridotite the existence of basement faults with lengths approximately equal to
the lengths of anomalies would be a condition of the model. Continuous linear basement
topographic variations, i.e. scarps, and sub-basement faults do not exist on scales equal to
those of the anomalies (up to 100 km in length). However, shorter and sub-circular anomalies
may possibly be caused by serpentinization variations along faults, and in general by
homogenous seawater circulation throughout the uppermost exposed layer of peridotite (see
section 6.4.2.2).

A logical argument, together with the results of studies at ODP Sites, suggests that
some of the sources of magnetic anomalies in the southern Iberia Abyssal Plain might be
strongly associated with the process of serpentinization of peridotite. Magnetite, the most
common carrier of magnetism, is a common product of the reaction between 6livine and/or
pyroxene and water, under the required conditions for serpentinization to take place. Coleman
(1971) has shown that magnetization intensities of serpentinization products are strongly

related to the degree of serpentinization. Moreover, serpentinite density exhibits an inverse
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relationship with the logarithm of magnetic susceptibility (p e 1/log K) although the
relationship is most reliable for serpentinized harzburgites and the susceptibility can vary by a
factor of 10 at a given density. Because the density of a serpentinized peridotite is inversely
proportional to the degree of serpentinization, it follows that the most magnetic serpentinized
peridotites are those which have the lowest density, which are more likely to be at the highest
basement levels.

Geophysical evidence strongly suggests that mantle rocks, unroofed during the
formation of the West Iberian continental margin, were exposed at the seafloor, in a zone
possibly 170 km wide, which underwent serpentinization by seawater circulation, everywhere,
on a large scale (Beslier et al., 1996; Pickup et al,, 1996; Pickup, 1997; Discovéry 215
Working Group, 1998; Chian et al., in press; Dean et al., submitted). Moreover, Chian et al.
(in press) and Dean et al. (submitted) have shown that the uppermost layer of basement has
seismic velocities as low as ~4.5 km/s (Fig. 6.2c) which correlate with peridotite serpentinized
up to 95% (Christensen, 1966, 1972). Such rocks were in fact cored at Sites 897, 899 (Sawyer
et al., 1994) and 1068 (Whitmarsh et al., 1998), and these rocks were found to have average
effective magnetizations of 0.74 A/m (at Site 897) and 1.47 A/m (at Site 899; Zhao et al.,
1996). It is therefore plausible to suggest that a highly magnetic layer is present at, or close to,
the basement surface throughout the OCT, and that this layer is responsible for the magnetic
anomalies in the OCT of the southern Iberia Abyssal Plain.

Although my interpretation of the anomalies within the OCT does not exclude such a
source for lo‘calizledAanomalies, there are arguments to suggest that this procesé is unlikely to
contribute to the source of the majority of linear anomalies within the OCT:

(1) Uniform homogeneous/pervasive serpentinization of the upper basement, by 'vigorous
seawater circulation to depths of ~2.5 km as suggested by Pickup (1997) and Pickup et al.
(1996), would lead to a uniformly magnetized basement surface. With high magnetization
intensities (> 1 A/m) as sampled at Site 899, such a layer would give rise to significant
magnetic anomalies that would correlate well with basement relief. Synthetic basement relief,
with wavelength and amplitude variations similar to those observed in the OCT (Fig. 5.2),
produces anomalies with peak-to-trough amplitudes in excess of 50 nT (Fig. 3.11). However,
no such correlation exists on any wavelength scale (Fig. 5.8).

(2) Localized serpentinization controlled by fluid flow preferentially along linear fault zones
would create linear magnetic anomalies because a magnetization contrast between a highly
magnetic fault zone and unaltered or uniformly altered (including point (1)) mantle would exist.

However, inspection of very many closely spaced MCS lines suggests that individual faults can
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rarely be traced laterally for more than 10 km. The linear anomalies within the OCT are
continuous for many tens of kilometers and are unlikely to be related directly to specific faults
or fault zones. Moreover, the characteristics and spatial relationship of some anomalies allows
them to be traced in and across the Tagus Abyssal Plain (e.g. aMY(N) and aZ(R); Fig. 6.10).
(3) Source depths of up to ~5 km beneath the basement surface are unlikely to be associated
with the most serpentinized, and therefore most magnetic, peridotites. Site 897 oxygen isotopes
strongly suggest that serpentinization has occurred at temperatures < 200°C and by the
downward throughput of seawater (Agrinier et al., 1996), implying that in general, the highest
magnetization intensities will be found at the basement surface.

(4) If the serpentinization process was instead chaotic, i.e. random spatial distribution, and/or
the assumption that the degree of serpentinization is related to magnetization intensity is
incorrect, the pattern of magnetic anomalies would also be chaotic. Although some sub-circular
anomalies do exists, this process cannot account for the presence of linear RTP-anomalies
which are parallel to the seafloor spreading anomalies (Fig. 2.8).

In general, I do not support a model of serpentinized peridotite as the main source of
deep-seated linear magnetic anomalies in the southern IAP. However, serpentinites may be the
source of anomalies in two specific cases: (1) The anomalous magnetic high near to Sites 899
and 898 (which is in fact two magnetic highs; Whitmarsh et al., 1996; Fig. 6.14) is a likely
candidate for a serpentinized peridotite origin because (a) high magnetization (1.47 A/m) of the
Site 899 cores, (b) its relatively short continuity and anomalous trend at wavelengths >~30 km,
but very high amplitude and point like on scales <~10 km. Indeed, the locations of the ODP
Sites (899 and 898) were chosen in such a way to sample the potential source of the
corresponding single sea surface anomaly, which is atypical of the sources within the OCT and
is therefore not surprisingly unrepresentative of the OCT. (2) In addition to the usual sources
of seafloor spreading magnetic anomalies (i.e., adjacent blocks of opposite polarity in the
crust), serpentinites probably contribute significantly to the marine magnetic anomalies, as has
been suggested by many studies (e.g., Kent et al., 1978; Dunlop and Prévot, 1982; Harrison,
1987; Nazarova, 1994; Dyment and Arkani-Hamed, 1995; and others); Site 1070 also provides
direct evidence. There, magnetizations as high as 0.5 A/m were recorded through ~39 m of
cored serpentinized peridotite whose VRM inclinations of 46° suggest they contribute strongly
to the seafloor spreading anomalies (see Table 6.1). Although only based on the initial reports
(Whitmarsh et al., 1998), the serpentinized peridotites at Site 1070 are not similar to those
cored at Sites 897 and 1068. This may suggest that because the serpentinites are different in

nature, origin and evolution, those within the OCT do not contribute to the magnetic field as
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those beneath Site 1070 do.
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Figure 6.14 Magnetic anomalies from near-bottom profiles TOBI91 and SAR93 ( tracks
indicated by white lines) contoured at 50 nT in the vicinity of ODP Sites 897, 838 and 899.
A d.c. shift was applied to the magnetic field along profile SAR93 in order to eliminate a
mis-match in anomalies at the line crossing (east of Site 898). The single sea surface
anomaly is represented as two individual anomalies at near-bottom altitudes. Their
anomalously high amplitude and point like nature indicate that their sources might be

atypical of those in the remainder of the OCT.

6.5 A composite model of upper mantle unroofing and magmatic accretion

I present a speculative model which is spatially and temporally consistent with
evidence from other studies and forms a composite between the models of upper mantle
unroofing (e.g. Brun and Beslier, 1996), serpentinization (e.g. Pickup et al., 1996; Discovery
215 Working Group, 1998; Dean et al., submitted) and rift-to-drift stage impregnation,
intrusion and possibly extrusion of magmatic material into basement (Whitmarsh and Miles,
1995). The variation in source body depths and trends across the continental margin provides
the basis for a model defined by spatial zones. Each zone has distinct characteristics that
defines it from the others.

The plate tectonic significance of the model is discussed in Chapter 7, where parallels
with the tectonic and magmatic processes that occur in the accretion of oceanic crust under at

ultra-slow seafloor spreading rates are discussed. Similarly, the model also draws parallels
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with the initiation of seafloor spreading observed at present in the Red Sea.
6.5.1 Margin-normal development

Although the actual sources of magnetic anomalies were not addressed quantitatively,
Whitmarsh and Miles (1995) proposed the implementation of the propagating rift model of
Martin (1984) to explain the organization and trends of the magnetic anomalies in the southern
Iberia Abyssal Plain. Here this model is used to explain the new constraints from further
magnetic analyses.

Continental rifting between West Iberia and Newfoundland occurred in three main
phases, the first of which occurred in the Hettangian (~202 Ma; Gradstein et al., 1995) and the
last, which eventually lead to breakup, occurred in the Lower Cretaceous (the exact times are
discussed in section 6.5.3). The first two rifting phases, although not directly related to the
eventual total lithospheric rupture and initiation of seafloor spreading, were probably
instrumental in modifying the whole lithosphere for the final rifting stage, -although for
simplicity, their effects are not considered here. The discussion is primarily concerned with the
final phase of rifting.

On the continental shelf and the mainland of Iberia (approximately east of 10°W),
magnetic anomalies (R.Macnab, pers. comm.) and sources exhibit no significant and/or
dominant trend. An estimate of the thickness of continental crust (defined by velocities and
gradients) of ~25-30 km has been derived from a long wide-angle seismic experiment (Dean et
al., submitted; Fig. 6.2)) along the coincident MCS profile IAM-9 in the southern Iberia
Abyssal Plain, and it is therefore assumed that the crust here has undergone only slight
amounts of thinning. Whitmarsh and Miles (1995) suggested that, based upon outcrops of
Hercynian basement, any linear magnetic features, if they exist at all, will exhibit a variety of
trends thus explaining the lack of any significant dominant trend and the abundance of sub-
circular anomalies. Moreover, source characteristics suggest that magnetic sources are broadly
distributed in depth, to perhaps 15 km depth (Fig. 5.17), and exhibit a scaling relationship
typical of a nearly isotropic continental crustal susceptibility model.

In the region between ~10°W-11°15'W (in the vicinity of IAM-9) and between ~10°W-
11°W (in the vicinity of the ODP drilling transect) magnetic anomalies show a dominant trend
of ~350° (Fig. 2.8). This region is equivalent to the eastern zone of Whitmarsh and Miles
(1995). In-their model they suggest that the source of these anomalies arises from linear

basement features within continental crust, which formed in response to tectonic stresses that
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accompanied the northward propagation of the rift. However, such an explanation cannot
explain (a) the computed depths of sources, and (b) how extremely persistent linear magnetic
anomalies within the bulk of the OCT to the west, which is unequivocally non-continental
crust, straddle the (well constrained; see section 6.4.1) seaward limit of continental crust with
little change in character (amplitude or wavelength; Fig. 2.8). For the source of the anomaliés
to lie within the linear basement relief of continental crust, the sources would necessarily (a) be
located at; or near to, top basement, (b) terminate, or be truncated, at the continental limit.
Therefore, as explained in section 6.4.2.1, I infer that the sources of these anomalies are
gabbroic type magmatic melt bodies that were intruded into the mantle under the stress
conditions associated with the rifting stage of margin development. These intrusions are
probably the first significant mantle melt derived products during the rifting process, since only
small amounts of magmatism have been recorded on land in the Lusitanian Basin (Ribeiro et
al,, 1979; Martins, 1991). These intrusives have been shown to be transitional dolerites,
gabbros and diorites and have been dated 130-144 Ma. The marine anomalies, however, do not
parallel the trends of the mapped intrusive dykes (NNE-SSW and ESE-WNW), but nor do they
parallel the seafloor spreading anomalies further west. Also the anomalies cannot be modelled
as seafloor spreading anomalies (Fig. 6.10). The intrusive bodies are therefore very unlikely to
be affiliated to any type of proto-oceanic process.

To explain the mismatch in the position of the seaward limit of thinned continental
crust with the change in anomaly trends a dynamic model is required. Under the assumptions
that the rheologies of continental crust and mantle are dominated by quartz and olivine,
respectively, the lithospheric strength profile provides a simplified basis for understanding the
behaviour of the lithosphere during the formation of the margin.

At the beginning of rifting, deformation of a four-layered brittle-ductile continental
lithosphere is assumed to occur by bulk pure shear with localized simple shear occurring in the
upper crust and upper mantle (e.g. Boillot et al., 1995; Brun and Beslier, 1996: Fig. 6.15).
Continued extensional thinning of the crust and lithospheric mantle at extremely low rates (<
20 mm/yr; Pickup, 1997) results in the upward migration of the asthenosphere as well as the
crust-mantle boundary until the entire continental crust and uppermost mantle are deforming
entirely within the brittle regime (Bassi, 1995; Fig. 6.15). The eitremely slow extension means
that suppression of brittle deformation by rising hot asthenosphere does not occur due to heat
loss by vertical and/or horizontal conductive cooling (e.g. Bown and White, 1995). However,
as extension increases further, eventual decompression melting of the mantle occurs (Bown and

White, 1995) and small amounts of melt rise upward due to their relative buoyancy. It is these
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mantle-derived melt products that may form the 350° trending anomalies over the region of
thinned continental crust (region CW) and in the easternmost OCT (region TE). Computed

source depths do allow the intrusions to penetrate the thinned lower continental crust.
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Figure 6.15 Schematic lithospheric strength profiles (not to scale) showing the strength
envelope of a four-layered continental lithosphere at (a) the initiation of rifting and (b) at a
subsequent time during rifting when continental crust has thinned to only a few kilometers.
A prolonged period of rifting results in the exposure of upper mantle at the seafloor; prior
to exhumation the entire continental crust and upper mantle deform entirely within the
brittle regime. UC="brittle’ upper crust; LC="ductile’ lower crust; UM="brittle’ upper mantle;

LM="ductile’ mantle.

During the period of crustal extension and mantle exhumation by brittle faulting
(frictional sliding) the temporal and spatial activity of the faults, which for the purpose of this
model are assumed to dip to the west and are assumed to be synthetic with the overall sense of
motion, are likely to be the same as faults observed in other extensional terranes, i.e., fault
motion youngs towards the centre of the rift, in this case westwards. This means that
successive mantle rocks exposed in a westward direction across the margin become
increasingly younger, in terms of the time at which they were exposed at the seafloor. This
model may at first seem to be in disagreement with the interpretation of Pickup et al. (1996)
who observe many landward dipping reflectors, especially at the western side of the OCT,
along MCS line IAM-9 (Fig. 6.12). If the relative timing of these faults is such that they also
become successively active in a westward direction, the model is still valid. However, since
most tilted continental fault blocks show hanging-wall-to-the-west relative motion, and both the

continental crust and upper mantle are deforming in the brittle regime, some faults may be

201




Geological structure: West Iberia

active through the crust-mantle boundary (e.g. on IAM-9 at 275 km, ~11 s twtt and at 245 km,
10 s twtt; Fig. 6.12).

During the exhumation and progressive faulting of the mantle, significant seawater
penetration causes pervasive serpentinization (e.g. Gibson et al., 1996) of the uppermost layer
of mantle. Pickup et al. (1996) suggest that the ~2.5 km unreflective layer observed on MCS
profile JAM-9 may be a product of expansion and fracturing of mantle peridotite during
vigorous convective serpentinization. Melt rising towards the surface from depth after
serpentinization has occurred, is therefore halted beneath, or within the lowermost, serpentinite
layer due its lack of relative buoyancy (e.g., Herzberg et al., 1983; Fig. 6.16), in much the
same way that the denser melt products underplate the base of the continental crust at volcanic
margins (White and McKenzie, 1989; Fig. 1.2a). Dean et al. (submitted) have shown that, by
the reasoning of Hooft and Detrick (1993), a 1-2 km thickness of melt could theoretically exist
at depths of ~3-4 km below the top of basement in their lower basement layer (7.3-7.9 km/s).
They assume a basaltic melt density of 2.7 [V\g/m3, which is equivalent to seismic velocities of
~6 km/s (Carlson and Raskin, 1984). However, a melt density of ~3 Mg/m’ equates to a seismic
velocity of ~7 km/s, which would place the predicted melt within the interpreted magnetic
source depth range and also be consistent with the seismic refraction model of Dean et al."
(submitted; Fig. 6.2). Moreover, as pointed out by Dean et al. (submitted) although not
favoured by them, their lowermost basement high velocity (7.3-7.9 km/s) layer can be
explained by a thickness of ~1.5 km of melt added to fresh mantle peridotite, rather than the
layer being composed of serpentinized peridotite. Homogeneous serpentinization of mantle to
sub-basement depths of ~6 km is unlikely; Pickup et al. (1996) showed that only the uppermost
2.5 km of basement is likely to be pervasively serpentinized (their unreflective layer).
Serpentinization to sub-basement depths of ~6 km is likely to be focussed along faults. An
insufficient number of faults extend to such depths to warrant such homogeneous
serpentinization. Moreover, since seismic velocity and degree of serpentinization are negatively
linearly correlated (Christensen, 1966, 1972), a gradual increase in the degree of
serpentinization would be reflected in a gradual decrease in seismic velocity. In fact, all the
velocity profiles from the transition zone (Chian et al., in press; Deaﬁ et al., submitted; Fig.
6.2¢) show a change in velocity gradient at ~3 km depth. Therefore, in my opinion, a model of
intruded gabbroic material can better explain the seismic velocity and magnetic source depth
observations, over a model of deeply, pervasively serpentinized mantle peridotite.

As the rift propagates northward, so does the locus of seafloor spreading activity.

Therefore, further extension is coupled with a gradual shoaling of the melt zone, and an
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Figure 6.16 lllustrations showing two possible scenarios for the geological structure of the
crystalline basement within the OCT in the southern Iberia Abyssal Plain. White =
serpentinized mantle peridotite; dark grey = unaltered mantle peridotite; stripes = extrusive
layer; dashed = gabbroic type intrusions. (a) Upper mantle is unroofed during prolonged
tectonic extension and serpentinized by seawater circulation, pervasively in the uppermost
2.5 km, and locally along fault planes to depths of ~6 km (Pickup et al., 1996). Rising melt,
generated by adiabatic decompression melting of the mantle, is halted and trapped below
the uppermost highly serpentinized layer of lower density. (b) Thin and highly faulted
igneous ‘crust’, similar to that forming at segment ends and/or at ultra-slow spreading
centres (see text). In places, the extrusive and intrusive layers can be well developed (X;
locally focussed melt} giving rise to significant magnetic signal resembling seafloor spreading

anomalies.

increase in the focussing of melt, probably falling midway between rift related melting and mid-
ocean ridge melting. These processes can explain the sudden change in trend of magnetic
anomalies to ~010°; melt impregnation continues in the same manner, i.e., it rises and ponds
beneath serpentinized mantle peridotite, but due to the increased melt focussing and approach
of the spreading centre from the south, intrusions now become lineated under the 'drift' stage
stress regime. A relatively ‘continuous’ but low supply of melt may result in a layer of
intrusive material, here assumed to be gabbroic, which acquires a remanent magnetization in
the same way that oceanic crust acquires its magnetization, i.e. adjacent normal and reversed
bodies. A relatively continuous, but low supply, can also explain why the lower (7.3-7.9 knvs)
velocity layer along IAM-9 (Dean et al., submitted) does not show localized lateral velocity

contrasts pertaining to individual intrusive bodies; addition of melt to the mantle may take
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place through interconnected pore space or fractures. Dean et al. (submitted) do suggest that
melt bodies may exist within the unaltered peridotite layer but are in fact below the lateral
resolution of their wide-angle seismic experiment. This condition is not necessary because
. bodies which are magnetically distinct, due to contrasting magnetization directions and/or
intensities, are not necessarily, and more probably not likely, to be recognized as distinct
seismic bodies. More importantly, a relatively continuous, but limited melt supply, can also
explain why seafloor spreading anomalies can be modelled within the transition zone at
increaéing extension (half-) rates of 6 to 8, and eventually to 10 mm/yr within oceanic crust,
from east to west. Such extension rates are remarkably similar to the <20 mm/yr full-rate (i.e.,
<10 mm/yr half-rate) proposed for the rifting rate by Pickup (1997). A significant component
of the rifting rate might actually be accounted for by the intrusion of magmatic material.

With further increased extension in the mantle, younger mantle rocks become
progressively exposed towards the west. Previous thinning by ductile deformation, possibly
within a mantle shear zone (Brun and Beslier, 1996), has effectively brought deeper mantle
rocks nearer to the axis of extension, nearer to the surface, to be later faulted (in such a
scenario, brittle deformation events should overprint ductile deformation events). Because the
computed spreading rate (6 and 8 mm/yr) required to match observed and calculated magnetic
anomalies, is consistent with the rate of rift related extension, the minimum time at which
mantle rocks were exposed can be inferred from the age of the polarity reversal. Together with
this increase in extension, the products of decompression melting of the mantle become
progressively more oceanic-like; seafloor spreading blocks M4(N), M5(R), M8 (Whitmarsh
and Miles, 1995) are identified with greater confidence than blocks M11A(N), MI12(N),
M16(N) and M17(R). Moreover, solution depths at the very western end of the transition zone
(in zone B) occur distinctly at both the top of basement and ~5 km beneath. It is therefore
possible that in some instances melt reached the surface, i.e. an extrusive layer may form in
addition to, or at the expense of the deeper-seated gabbroic bodies. Such a scenario satisfies the
observed velocity structure. In addition, Pickup et al. (1996) tentatively suggest that landward
dipping reflectors L1 and L2 (their Figs. 2 and 3), which represent the most significant fault-
like reflectors on MCS profile IAM-9, could be faults that have provided a pathway for melt.
They also suggest that the two steep-sided basement mounds that overlie the tops of L1 and L2
represent extrusive material.

An alternative suggestion (Pickup, 1997) is that L1 and L2, which penetrate to depths
of at least 18.5 km, are controlled by the close proximity of the accretionary axis. The steep

westward increase in isotherms, particularly the 600°C isotherm which represents the base of
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the brittle regime (Lin and Parmentier, 1989), controls the mechanism by which faulting
occurs. Fault displacements are therefore increased on landward dipping fault planes, since
seaward dipping faults are truncated by the 600°C isotherm at much shallower depths (Fig.
6.17; Carbotte and MacDonald, 1990).

distance from axis (km)

0 5 10 15
] ]

seaward
dipping

fault landward

dipping
fault

depth (km)
)]
L

101

600°C isotherm

Figure 6.17 Diagram showing the likely depth extent of landward and seaward dipping faults
near to the accretionary axis. Because the depth of brittle faults is governed by the depth to
the 600°C isotherm, reflectors L1 and L2, which exist at the seaward end of the OCT
beneath 1AM-9, may be major faults which existed close to the accretionary axis (from
Pickup, 1997 after Carbotte and MacDonald, 1990).

Because the location of L1 is approximately coincident with M5(R) (see Fig. 6.1 and
6.12) it can be assumed, by the reasoning given above, that it was active at that time. In fact,
the time at which each landward dipping fault was active can be correlated with modelled
reversal blocks. Although this assumes the fault was at the centre of the rift, present day fault
growth at mid-ocean ridges (oceanic rifts) becomes inactive after a short time period. Searle et
al. (1998) show that fault growth is complete within 15 km of the axis (1.2 Ma) of the Mid-
Atlantic Ridge at 29°N, a distance comparable to that between L1 and a more positively
identified oceanic reversal block, M4(N). Thus, increased magmatism and slow spreading
oceanic type crustal tectonics dominate the western zone of the OCT.

Finally, oceanic crustal accretion becomes the dominant process immediately west of
peridotite ridges R3; seafloor spreading magnetic anomalies can be modelled at spreading rates

of ~10 mm/yr with normal and reverse magnetization blocks whose intensities can be modelled
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by a full crustal section, i.e. layers 2 and 3. Source depths are focussed at or near the basement
surface since the dominant magnetic body is the uppermost layer. The spatial model is shown
in Fig. 6.18.

The model described above is consistent the sequence of events, derived from cores of
serpentinized peridotites at ODP Sites 897 and 899, proposed by Beslier et al. (1996) and
Cornen et al. (1990); (1) high temperature (~900°C) shear deformation; (2) limited partial
melting; (3) syn-tectonic alkali melt impregnation at relatively low pressures (<1 GPa); (4)
lower temperature (~780°C) and low pressure (< 1Gpa; lithospheric) deformation; (5)

hydrothermal alteration (serpentinization) and low temperature deformation.

6.5.2 Margin-parallel development

The speculative model described above is based, although not exclusively, on

observations in the southernmost region (in the vicinity of IAM-9) of the southern Iberia
Abyssal Plain. However, as described by Discovery 215 Working Group (1998), variations in
seismic structure, basement topography and magnetic character along the margin are as great
as those across it. This necessarily implies that any model of the margin must account for
three-dimensional changes in character. It also means that inferences made from the results of
ODP drilling are not necessarily representative of the entire margin.

Significant margin-parallel changes concerned with the nature and formation of the
OCT include (see Fig. 2.4):
(1) The seaward limit of thinned continental crust shows a gradual seaward progression
towards the north of the southern Iberia Abyssal Plain. At ~40°N (in the vicinity of IAM-9),
the continental crust extends westward to 10°45'W, whereas at ~41°N it extends as far west as
~12°W. This represents an approximate 105 km seaward shift in the limit of continental crust
over the same N-S distance, i.e., the margin strike changes by ~45° over this distance.
(2) The segments of the peridotite ridge, R4 and R3, exhibit a left lateral step of ~30 km over
110 km N-S distance.
(3) From (1) and (2) above, the estimated width of the OCT varies from 160-170 km (Pickup
et al., 1996; Dean et al., submitted) to 40 km (Chian et al., in press) south to north.
(4) In the southern and central parts of the OCT, excluding the most south-easterly region
(region TE), reduced-to-the-pole magnetic anomalies have amplitudes O to -125 nT, trend at
010° and have significant lateral continuity (up to 120 km). In contrast, in the vicinity of Sites

898 and 899, one significant and anomalous magnetic anomaly, identified from sea surface
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observations, trends at ~350°, locally parallel to the trend of the limit of continental crust. Even
with ‘near—bottom observations that reveal two separate anomalies, there still exists a trend
which is not parallel to the dominant trend of anomalies within the OCT or oceanic crust.
M3(R), and M4(N) (see Fig. 6.15) can be correlated between tracks which are over 15 km
apart. In contrast, the magnétization high at Site 899 does not continue south with a trend that
parallels the anomalies to the west or east. A negative magnetic anomaly to the north-east also
exhibits a trend which is locally parallel to the trend of the limit of continental crust (Fig. 2.8).
(5) South of ~40°20'N, reduced-to-the-pole magnetic anomalies in the easternmost 50 km of
the OCT (region TE) exhibit trends of 350°, parallel to those over continental crust to the east.

To explain these observations, together with those normal to the margin, progressive
stages in the rift-to-drift model are considered (Fig. 6.19). The model of the last section is
assumed to apply through time as the rift propagated northwards. As the rift approached the
region at ~40920'N, because the local trend of anomalies in the OCT parallel those of the
thinned continental crust and those in the southeastern OCT, I suggest that the transition from a
'rift’ dominated stress regime to a 'drift' dominated stress regime was halted. This could have
prevented the deep gabbroic bodies, with the same trend as seafloor spreading sources, from
intruding the mantle. Because such bodies may contribute to the total extension in the
southernmost part of the Iberia Abyssal Plain, this provides an explanation for the OCT width
being somewhaf less than the width of the OCT to the north. In fact, if the region between the
continental edge and the first anomaly associated with the 'drift' stress field (aZ(R)=aM17(R);
see Fig. 6.10) is estimated along the width of the margin it is approximately constant at ~40 km
(Fig. 6.20). Not until 41°20'N, adjacent to Galicia Bank, does it reduce to ~20 km, as
determined by the distance between the peridotite ridge and the region of high amplitude
positive magnetic anomalies. The OCT has also been estimated to be ~25 km wide at 42°N
(Sibuet, 1992). Moreover, application of the same procedure in the Tagus Abyssal Plain
reveals that the distance only increases to ~50 km (Fig. 6.10) provided the anomaly
identifications are correct.

An explanation for the lack of deep pre-'drift’ stage deep gabbroic bodies is uncertain.
It is possible that as a hypothetical 'pre-drift front', which propagates ahead of the region of
seafloor spreading, encountered the relatively thick continental crustal fragment of Galicia
Bank. Similarly, and more probably, margin-normal extension took place along a pre-existing
basement structural boundary, which is seen downstrike in Iberia with the same trend "(i.e.
reactivation). Both suggestions would necessarily juxtapose relatively ‘cold’ thicker continental

crust with the melt zone thus suppressing melt production by conductive cooling through the
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relatively 'cold’ continental crust.

6.5.3 Duration of continental rifting and predicted volume of melt

Melting models (e.g. Pedersen and Ro, 1992; Bown and White, 1995) necessarily
require that (a) the onset of continental rifting and (b) the cessation of continental rifting
(coincident with the onset of seafloor spreading) are discrete events in time which define a
period when rift related geological processes dominated. In the model of Bown and White
(1995), but also noted by Pedersen and Ro (1992), rift duration is one of four factors on which
melt generation is most dependent; syn-rift basaltic melt is generated by decompression melting
of anhydrous mantle lherzolite provided the rift duration is long enough to exclude significant
heat loss by conductive cooling. Thus constraints on the exact duration of rifting are critical to
the general understanding of margin evolution.

The onset of rifting in the southern Iberia Abyssal Plain has yet to be defined precisely;
constraints from ODP Legs 149 and 173 drilling results can only place bounds on the earliest
and latest possible ages for the onset of rifting. Lithostratigraphic and biostratigraphic analyses
constrain pre-rift clays from Site 901 as early Tithonian in age (Sawyer et al., 1994), whilst
“Ar/*®Ar dating of the Site 900 sheared metagabbro constrains a syn-rift age of 136.4 Ma
(Féraud et al., 1996). In addition, the metamorphic conditions recorded by the gabbro suggest
that such an age is consistent with the latest stages of rifting providing the gabbro is a product
of syn-rift melting (Féraud et al., 1996; Cornen et al., 1996; but see section 6.4.2.1).

The precise onset of steady-state seafloor spreading is also difficult to define due to
contrasting ages arising from a number of studies (Fig. 2.3 and this thesis). However, most
magnetic models place the onset in the range mid-CM3(R) to CM8(R). Therefore, there are a
number of possible rift durations, three of which, D1, D2 and D3, are described below (Fig.
6.21):

(1) The maximum possible rift duration, D1=~23 Ma, is based upon the assumptions that (a)
rifting commenced in the Tithonian, as indicated by the pre- to syn-rift shallow marine
sediments at Site 901 (Saywer et al.,, 1994), and (b) seafloor spreading commenced at the
beginning of CM3(R). Under these assumptions it is implicit that (i) the intrusions in zones B
and C, including those that produce anomalies aX(N), aY(N) and aZ(R), as well as aM4(N)
and aM5(R), are considered syn-rift and therefore non-oceanic, and (if) the slumped nanofossil

chalk at Site 1069 is not in situ;
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(2) Rift duration, D2=~10 Ma, is based upon the assumptions that (a) rifting commenced
136.4 Ma, as indicated by the Site 900 gabbro (and its age) whose petro-structural evolution
suggests it was emplaced at the final stages of rifting (Cornen et al., 1996), and (b) seafloor
spreading commenced at the beginning of CM3(R). Under these assumptions it is implicit that
anomalies aY(N) and aZ(R) are incorrectly identified as aM16(N) and aM17(R), and therefore
the ages of their sources cannot be correlated with the reversal timescale;

(3) Rift duration, D3=~6.5 Ma, is based upon the assumptions that (a) as (a) in (1), above, and
(b) seafloor spreading commenced at ~142 Ma, as indicated by the presence of anomaly aZ(R)
which is interpreted to be seafloor spreading anomaly aM17(R). Under these assumptions it is
implicit that (i) the intrusions in zones B and C, including the gabbro at Site 900 and those that
produce anomalies aX(N), aY(N), aZ(R), aM4(N) and aM5(R), are considered oceanic, rather
than syn-rift, in origin (i.e. aY(N)=al6(N) and aZ(R)=al7(R)), and (ii) the slumped nanofossil
chalk at Site 1069 is not in situ.

Based on the three estimates of rift duration made here, Bown and White (1995)
predict that, for a beta value of 11.5, (a) <1 km of melt is generated (D1=23 Ma), (b) ~ 2 km
of melt is generated (D2=10 Ma), (c) ~3 km of melt is generated (D3=6.5 Ma; Fig.1.1).
However, regardless of the duration of rifting chosen, the predicted melt thickness cannot be
estimated at the margin in the southern Iberia Abyssal Plain because, (1) The model requires a
constant, and finite, beta value, which is a measure of crustal extension; because mantle is
exposed in the southern IAP a constant and finite beta cannot be calculated; (2) The model
does not allow melt to freeze in the mantle. The composite model of mantle unroofing and

(4,744
magmatic accretion presented in section 6.5 necessarily implies that (a) B — oo (because the,is

infinitely thinned), and (b) melt products are intruded into the mantle, and reside there.
However, more importantly is thé concept of a gradual progression from continental rifting to
seafloor spreading processes; rather like ‘an engine picking up steam’ it is difficult to define the

duration of rifting required by the model of Bown and White (1995).

6.6 Summary

An interpretation of sea surface and near-bottom magnetic anomalies west of Iberia, by
forward and inverse modelling, spectral and Euler deconvolution analyses, and componental

magnetometry, has revealed the following:

(1) Magnetic anomalies west of the peridotite ridge can be explained by a seafloor spreading
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Figure 6.21 Possible durations of rifting (D1, D2 and D3) determined from magnetic
anomaly identifications and ODP Legs 149 and 173 results (see text; modified from Dean
et al., submitted, after ‘Wilson et al.,, 1996). Rather than a discrete event, the transition
from continental rifting to seafloor spreading may be a continually changing geological
process comprising (1) extension and intrusion under rift’ stress regime, (2) extension and
increased intrusion wunder ‘drift’ stress regime, (3) unorganized (non-steady-
state/punctiform) seafloor spreading, (4) organized seafloor spreading. See Table 6.4 for

description of labels.
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Onset of seafloor spreading

1 Sea surface forward modelling

Whitmarsh et al. (1990)

2 Near-bottom forward modelling

Whitmarsh and Miles

Whitmarsh et al. (1996)

(1995),

3a Sea surface forward modelling and 1-D inversion

This study, spreading rate 10 mm/yr

3b Sea surface forward modelling and 1-D inversion

This study, spreading rate 8 mm/yr

4 Near-bottom and 2-D sea surface inversion

This study, variable spreading rate

5 2-D sea surface inversion

This study, variable spreading rate

6 Sea surface forward modelling

Whitmarsh and Miles (1995)

7 Identification of (combined) anomaly aM11A(N) and
aM12.1(N)

This study, spreading rates of 8 and

10 mm/yr (east to west)

8 Identification of anomaly aM17(R)

This study, spreading rates of 6, 8

and 10 mm/yr (east to west)

Onset of rifting

a Syn-rift ‘crustal’ gabbro (Site 900)

Feraud et al. (1996)

b Pre-rift nanofossil chalk (Site 1069)

Whitmarsh et al. (1998)

¢ Early Tithonian pre- (or early syn-) rift sedimentary

Sawyer et al. (1994), Whitmarsh et

rocks (Site 901 and possibly Sites 1065 and 1069) al. (1998)

Table 6.4 Explanation of labels in Figure 6.21. Numbers mark the possible ages of the onset of seafloor

spreading (end of rifting) whilst letters mark the possible ages of the onset of rifting.

model using a near constant spreading rate of ~10 mm/y. Magnetization solutions are
consistent with expected magnetizations of up to approximately +1.5 A/m for a typical layered
oceanic crust (see Chapter 3). Magnetic models are consistent with seismic refraction models
which suggest that oceanic crust immediately west of the peridotite ridge is only ~4 km thick.
(2) In a region including, and ~20 km east of, the peridotite ridge, magnetization patterns can
be explained by seafloor spreading, although required spreading rates are, in general, non-
constant and inconsistent with those required to model anomalies to the west of the peridotite
ridge.

(3) Some magnetic layer thickness calculations suggest that oceanic crust thickens west of the
peridotite ridge; although most computations failed due to theoretical problems (see section
3.4.3) some models reveal a thickening of 5.5-8 km over a distance of ~40 km. East of the
peridotite ridge, in a region up to ~35 km wide, the magnetic layer is up to 5 km thick. The
peridotite ridge represents an effectively non-magnetic region ~10 km wide.

(4) In a region immediately adjacent to, and ~30 km east of, the peridotite ridge, magnetic
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sources, up to ~2 km below the top of acoustic basement, are represented by blocks with
vertical sides, as determined by an Euler deconvolution structural index of 0.0.

(5) South of ~40°20°N, in the vicinity of MCS profile IAM-9, magnetic sourcés east of the
region described in (4) are at depths of up to 5-6 km below the top of acoustic basement and
are likely to be best described by structural indices of 1.0.

(6) Vertical magnetic boundaries, derived from vector magnetic field anomalies, are only
observed west of 11°10’W, and their strikes are, on the whole, ~5° east of north. Magnetic
boundaries are two-dimensional, with the exception of three boundaries near to, and
immediately west of, ODP Site 898, and three to the south and southwest of Site 1069.

(7) At least two magnetic anomalies, which are continuous for ~250 km across the southern
Iberia Abyssal Plain and Tagus Abyssal Plain, parallel the M-series seafloor spreading
magnetic anomalies. Their lateral offset at ~39°20°N is consistent with a seafloor spreading
origin for the sources of the anomalies; sea surface magnetic anomalies can be modelled by
increasing (6-10 mm/yr) east-to-west spreading rates, although the depth of sources is
inconsistent with a seafloor spreading model (which assumes that sources are at the top of
basement). '

(8) Magnetic anomalies, after reduction-to-the-pole, broadly fall into five categories, from east
to west, based on their trends; (a) poorly lineated and sub-circular anomalies 0\./er continental
crust, (b) lineated ~350° trending anomalies over the very westernmost thinned continental
crust, (c) lineated ~350° trending anomalies over the easternmost ~50 km of the OCT, (d)
lineated ~010° trending anomalies over the bulk of the OCT, and () lineated ~010° trending
anomalies over oceanic crust.

(9) The J anomaly source, which can be modelled as a region of relatively high magnetization
intensity (4 Nm), is very nearly an isochron but regionally cross cuts the trend of the M-series
anomalies.

To explain the magnetic observations, presented in this Chapter and Chapter 5, I
propose a composite model of upper mantlevroofing and the intrusion/impregnation of melt
into the mantle, during margin development. The proposed geological character and the model
of margin development are consistent with the results of recent seismic and drilling
investigations. The OCT is characterized by the fol]owi‘ng:

(1) Gabbroic-type intrusions, at ~5 km depth in the OCT, which can be modelled using a
seafloor spreading-type reversal sequence at spreading rates of 6 to 8 to 10 mm/yr, east to
west. Because a model of seafloor spreading is inconsistent with seismic and drilling

observations, I suggest that the gabbroic type intrusions resemble a hybrid between syn-rift
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intrusions and oceanic accreted lower crust. A predicted thickness of melt of ~1-3 km, derived
from models of rifting and melt generation, agrees with the thickness of melt suggested by
seismic velocity models, in which melt is mixed with peridotite at sub-basement depths of ~3-7
km . This layer is the layer that explains the magnetic observations.

(2) Serpentinized mantle peridotite which is the cause of sub-circular magnetic sources at, and
near to (within 1-2 km), the top of basement.

During extreme lithospheric thinning, which resulted in the exposure of the mantle,
subsequent seawater serpentinization of peridotite created a low density layer which prevented
melt rising to the surface. A near continuous, but low, supply created the lower layer of
magnetic sources, which extends beneath thinned continental crust in the vicinity of ODP Sites
1065, 900, 1067 and 1068. Through time, and progressively westwards across the OCT, the
geological conditions progressed from rift related conditions to seafloor spreading related
conditions. Thus, reduced-to-the-pole magnetic anomalies, which trend 350° in the east and
010° in the west, reflect the change in dominant stress conditions as the North Atlantic Rift

System propagated northwards.
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Chapter Seven

Formation of the conjugate margin pair

The model presented in Chapter 6 is based on a magnetic study adjacent to only one
margin within a conjugate pair. Therefore to further constrain the model of margin formation,
in this chapter I present (a) a brief review of the literature concerned with the nature and
formation of the conjugate Newfoundland margin, (b) the results of magnetic analyses adjacent
to the Newfoundland margin, (c) a model for conjugate margin development, and (d) a

comparison with other geological settings.
7.1 The Newfoundland margin

The conjugate margin to the West Iberian margin lies offshore Newfoundland in the
northwest Atlantic, north of the Newfoundland Fracture Zone adjacent to the Grand Banks
(Fig. 7.1). In the Newfoundland Basin, the margin south of ~45°N is approximately conjugate
with the Tagus Abyssal Plain, the margin off the southern Flemish Cap is approximately
conjugate with the margin off Galicia Bank, and the margin north of ~45°N and south of the
Flemish Cap is approximately conjugate with the southern Iberia Abyssal Plain.

In a similar manner to the investigations offshore Iberia, many authors have attempted
to infer or predict the location where, and the means by which, the transition from thinned
continental crust to oceanic crust occurs (e.g. Keen and de Voogd, 1988; Tucholke et al., 1989;
Srivastava et al., 1992). However, the relative sparsity of data, and in particular its broad
distribution along the length of the margin has made detailed investigations similar to those in
the southern Iberia Abyssal Plain difficult. In addition, from studies at the West Iberia margin
it has been shown that margin parallel variations can be as great as those normal to the margin
(Discovery 215 Working Group, 1998 and this thesis) and it is probable that similar, if not the
same, variations occur along the length of the margin offshore Newfoundland. Therefore it is
extremely important for the purpose of this study that axis-parallel reconstructions are well
constrained in order to correctly identify the exact position of the margin conjugate with that in
the southern Iberia Abyssal Plain.

A recent plate reconstruction (Srivastava and Verhoef, 1992; Fig. 2.2), at anomaly M0
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time', predicts that the position of MCS profile LG-14 (up to 20 km south of, and roughly
parallel with IAM-9) in the southern Iberia Abyssal Plain (Fig. 2.5) is roughly aligned with
MCS profile LITHOPROBE 85-4 (Keen and de Voogd, 1988; Fig. 7.2) in the Newfoundland
Basin. The constraining factor on such margin-parallel reconstruction is the termination of the
J anomaly. Thus, on reconstruction the profiles IAM-9 and 85-4 represent an approximately

continuous transect normal to both margins.

/ Grand Banks
. of
Newfoundland

Figure 7.1 Bathymetric chart (contour interval 1000 m) of Newfoundland continental
margin. Continental slope marks the approximate location of the seaward extent of
continental crust. The margin can be divided into three regions which are
approximately conjugate with Galicia Bank, the southern Iberia Abyssal Plain {IAP)
and the Tagus Abyssal Plain (TAP) offshore West iberia.

" Srivastava and Verhoef (1992) assume that the J anomaly formed at CMO time.
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In addition to MCS profile 85-4, si;( single channel seismic reflection profiles collected
on cruise Farnella 80 (Parson et al., 1985) image basement in the region assumed to be directly
conjugate with the southern Iberia Abyssal Plain (Fig. 7.2). To the north and east of profile
FARNI, three short seismic refraction lines, HU-1, HU-2 and HU-6 (Todd and Reid, 1988)
can be used to constrain the velocity structure of basement there. MCS profile LITHOPROBE
85-2 (Keen and de Voogd, 1988) and the coincident seismic refraction Line 7 of Reid (1994)
image basement offshore Newfoundland that is conjugate with the Tore Seamount/Tagus

Abyssal Plain offshore West Iberia.
7.1.1 Geological character of the OCT

To date, the position and extent of the OCT in the Newfoundland Basin has been
poorly defined, not only due to the relative sparsity of data but also possibly due to the relative
lack of recent investigations and subsequent understanding of the continent-ocean boundary as
a gradational/transitional feature (OCT), rather than simply a discrete boundary (OCB). Keen
and de Voogd (1988), Malod and Mauffret (1990) and Reid (1994) have suggested that the
OCB is located near to the base of the continental slope (Fig. 7.2), whereas Pitman and
Talwani (1972), Tucholke and Ludwig (1982), Srivastava et al., 1990, Sullivan (1983), Austin
et al. (1989) and Tucholke et al. (1989) have suggested that the OCB is located immediately
west of the J anomaly (Fig. 7.2). These two locations, ~100-130 km apart, mark the possible
landward extent of oceanic crust; the two schools of thought arise due to the currently
ambiguous nature of the region of basement between (OCT?).

Rotated fault blocks of continental crust overlain by sediments possibly syn-rift in
origin are observed in the vicinity and landward of the continental slope on MCS profiles 85-4
and 85-2 (Keen and de Voogd, 1988; Fig 7.3a and b). On both profiles sub-horizontal events at
~11 seconds TWTT, equivalent to ~30 km depth, are observed beneath the continental shelf
(The Grand Banks of Newfoundland) and are thought to represent Moho reflections at the base
of unthinned or only slightly thinned continental crust. This is confirmed by the velocity model
of Line 7 (Reid, 1994; Fig. 7c). Although Moho reflections cannot be confidently traced
seaward beyond SP2250 and SP6000 on profiles 85-2 and 85-4 (Fig. 7.3a and b), respectively,
and show little sign of shallowing, the velocity model of Line 7 indicates that the Moho
shallows from ~28 km to ~15 km over a distance of only 40 km, and strongly resembles the
model of Dean et al. (submitted) along IAM-9 (Fig. 6.2b). Therefore, Keen and de Voogd
(1988) and Reid (1994) suggest that the seaward limit of continental crust marks the position

of the OCB. However, an unambiguous oceanic crustal velocity structure is not observed until
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a further 55 km seaward on Line 7 (Reid, 1994; Fig. 7.3c). In addition, Keen and de Voogd’s
(1988) interpretation of the rough or hummocky basement immediately seaward of their OCB
on profiles 85-2 or 85-4 as oceanic is by no means conclusive.

Some 170-190 km east of the foot of the continental slope the presence of the J
anomaly strongly constrains the basement there as oceanic, as previously determined by
Tucholke and Ludwig (1982) and Rabinowitz et al. (1978). Todd and Reid (1989) and
Srivastava et al. (1990) then noted that west of the J anomaly there were no high amplitude
linear magnetic anomalies oriented parallel to the spreading axis and concluded that basement
west of the J anomaly was unlikely to be oceanic in origin. However, the pattern of magnetic
polarity reversals in the period at least 12 Ma prior to the formation of J (i.e. ~121-133 Ma;
Fig. 2.1) will necessarily result in an absence of high amplitude anomalies (see Fig. 3.9) if the
crust there is oceanic and formed at spreading rate < 16 mm/yr; as already discussed in the
context of the West Iberia margin, if the basement landward of J was in fact similarly oceanic
the magnetic anomalies would resemble a quiet zone (see Chapter 6). Moreover, a new and
more recently compiled magnetic anomaly chart (Fig. 7.2; Macnab et al., 1997) indicates that
some linear anomalies do exist landward of the J anomaly.

Additional constraint on the geological nature of the continental margin is provided by
the character of the top basement reflector imaged on seismic reflection profiles FARNI-
FARNG (Fig. 7.4) and 85-4 (Fig. 7.5). Seaward of the proposed limit of continental crust on
profile 85-4, basement relief is rélatively low for ~110 km (140-250 km on profile; Fig 7.4).
Although the exact position of the most seaward continental crust is ambiguous, this ~110 km
wide region of relatively low relief may be comparable with the ~130 km wide OCT observed
along the conjugate MCS profile IAM-9 (Pickup et al. 1996; Fig. 6.12) in the southern Iberia
Abyssal Plain. Two single spread refraction lines, HU-1 and HU-2 (Todd and Reid, 1988; Fig.
7.2), which were shot over presumed oceanic crust, reveal that basement to the east of profile
FARNI1 consists of two layers defined by different velocity gradients. The high velocity
gradient, upper basement layer, 2.0-2.5 km thick, is defined by velocities of 4.5-5.0 km/s,
whilst the low velocity gradient, lower layer is defined by velocities of ~7.3 km/s. No mantle
arrivals were recorded on either record section. The velocity model along refraction Line 7
(Reid, 1994; Fig. 7.3c) also defines a low velocity gradient layer with velocities of ~7.2-7.6
km/s below a high velocity gradient layer. The velocity structures from these three models are
similar to some of those observed in the OCT of the southern Iberia Abyssal Plain (Fig. 6.2¢).

Seaward of ~250 km on profile 85-4, basement relief of ~0.75 seconds twtt is
comparable to basement in the vicinity of peridotite ridges R3 and R4 observed on IAM-9 (Fig.

6.12). Although the absolute relief on profile 85-4 is, in general, less than the absolute relief on
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IAM-9, the relative relief across both margins allows a comparison to be made; on both
profiles high relief of tilted continental fault blocks, relatively low relief of a region of
ambiguous nature (OCT?), and the relatively high relief immediately seaward of the OCT are
observed.

Margin-parallel changes in the character of acoustic basement are also observed
offshore Newfoundland (Fig. 7.2). Beneath profile FARN1 the distance between the most
seaward continental fault block (inferred from Figure 1 of Keen and de Voogd, 1988) and the J
anomaly (definitive, but not necessarily the most landward, oceanic crust) is ~60 km, compared
to ~130 km on profile FARNS (Fig. 7.2). However, closer inspection of basement on profiles
85-4, FARN3, FARN4 and FARNS may suggest that the seaward limit of continental crust is
in fact. further landv;ard, based on the location of the foot of the continental slope and the
basement relief, theil predicted by Keen and de Voogd (1988; Figs. 7.2, 7.4 and 7.5). However,
these identification are by no means conclusive. Nevertheless the distance between profiles
FARNI1 and FARNG6 is ~200 km (parallel to the margin) and therefore such a change is
comparable with that observed between ~41°N in the southern Iberia Abyssal Plain and
~38.5°N in the Tagus Abyssal Plain (Fig. 6.20). The character of basement relief of profile
FARNTI also appears to be significantly different from that observed on profiles FARN2-
FARNG6 and 85-4. On FARNI relief of ~1 sec twtt exists in the region between J and the
prop‘Qsed seaward limit of continental crust, whereas negligible relief is observed on the other
profiles.

In addition to the nature of acoustic basement, folding in the post-rift sediments above
a basement high at 295 km on profile 85-4 (Fig. 7.4) may suggest that the mechanical
”, behaviour of basement rocks there is different to that of surrounding rocks and similar to that
of the region between peridotite ridges in the southern Iberia Abyssal Plain (zone B of Fig.
5.2). Although the cause of the folding observed west of Iberia is the mid-Miocene compression
associated with the Betic orogeny (Masson et al., 1994), and such a compressional phase is not
associated with the Newfoundland margin, a possible origin for the focussing of folding here
may be intra-plate compressional stresses (present off-axis at continental margins Idue to the
ridge-push force) within a mechanically very weak zone. However, this is speculative.

The character of magnetic anomalies, the relief of acoustic basement and the velocity
models over, and adjacent to, basement of ambiguous origin landward of the J anomaly show
some similarities to the OCT in the southern Iberia Abyssal Plain. Therefore the character and

the nature of their sources are discussed in the next section.
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of Reid (1994) along Line 7, coincident with MCS profile 85-2.
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7.1.2 Further constraints on the nature of the OCT from analysis of the magnetic field

The position of the most landward oceanic crust offshore Newfoundland, in the region
conjugate with the southern Iberia Abyssal Plain and the Tagus Abyssal Plain, has not
previously been thoroughly investigated by magnetic modelling; anomalies J and aMO(R) have
been modelled and therefore oceanic crust has only been inferred to exist beneath and in the
vicinity of these anomalies. At the conjugate margin in the southern Iberia Abyssal Plain,
however, it has been shown that the onset of seafloor spreading definitely occurred in the
period CM3(R)-CM5(R), and possibly earlier (see Fig. 6.21), i.e. at least ~5 Ma before J. In
addition I propese that some magnetic anomalies observed in the southern Iberia Abyssal Plain
can be explained by magmatic bodies intruded at depth into mantle peridotite during the rifting
episode; some of these magnetic bodies can be modelled using the geomagnetic time scale with
spreading rates gradually decreasing landward. Therefore, I have modelled magnetic anomalies
at the Newfoundland margin to test (a) if the proposed timing of the onset of seafloor spreading
is concurrent with that suggested at the West Iberia margin, and (b) if sources of magnetic
anomalies within the OCT (defined by the outcome of (a) and the position of the most landward

continental crust) agree with the model of margin development presented in Chapter 6.
7.1.2.1 Reduction-to-the-pole of magnetic anomalies offshore Newfoundland

Based on the reasoning of section 5.1, an analysis of magnetic anomalies by the
reduction-to-the-pole method is used to attempt to constrain the nature of the magnetic sources
offshore Newfoundland. A subset of the observed magnetic anomaly chart of Figure 7.2 was
reduced-to-the-pole using four different sets of angular parameters; in each case IG=65°, Dg=-
20° (IAGA, 1995) and Iy;=50° (Srivastava et al., 1988, 1990) were kept éonstant whilst four
values for Dy were chosen to fully describe the angular RTP parameter (+20°, 0°, -20° and -
40°). The reduced-to-the-pole anomalies are shown in Figure 7.6. It can be seen that, in
general, magnetic anomalies become lineated if magnetization declinations of +20° and 0° are
assumed more so than if declinations of —20° and -40° are assumed. The J anomaly, and a high
amplitude positive anomaly ~20km to the west-northwest become lineated and trend 035° for
any assumed declination, whilst most other anomalies to the north and northwest become
lineated and trend 015°-035° when declinations of +20° and 0° are assumed. At greater

westerly declinations linear anomalies within the region of ambiguous nature (OCT) are, in
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Figure 7.4 Line drawings of acoustic basement and seabed on single-channel
seismic reflection profiles FARN1-FARNG aligned parallel to the margin. Abscissa is
tickmarked at 1 hour intervals, which is equivalent to ~10 km. Arrows labelled K
mark the seaward extent of continental crust (from Keen and de Voogt, 1988);
those labelled T mark alternative positions based on the character of the basement
and the slope of the seabed. The arrow labelled R marks the position of a
basement ridge downstrike of a basement ridge on MCS profile 85-4 (Fig. 7.5)

which may be associated with the seaward extent of the OCT.
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general, not observed. Moreover, even assuming declinations of +20° or 0° linear anomalies
within the OCT are by no means as apparent as those observed west of Iberia (cf. Figs. 2.8 and

5.1).
7.1.2.2 The onset of seafloor spreading

Forward modelling, by the method described in section 6.3.1 and shown in Figure
6.10, was carried out in order to compare synthetic seafloor spreading anomalies with the
observed anomalies offshore Newfoundland (Fig. 7.7%). The top of the magnetic layer was
assumed to be at a constant depth of 7 km; acoustic basement shows little relief (Figs. 7.4 and
7.5) and is almost consistently ~2 seconds twtt below the seabed (which is on average at ~5
seconds twtt below sea level). Although an accurate time-to-depth conversion cannot be applied
(because of the absence of velocity information) equation 5.1 was used to compute the average
depth of acoustic basement beneath the seismic profiles in Figures 5.4 and 5.5. Since basement
relief in the southern Iberia Abyssal Plain is considerably greater than that observed offshore
Newfoundland, and it was shown there that basement topography contributed an insignificant
amount to the observed field (section 5.2.5), models with constant depthé‘ to their upper
surfaces are sufficiently realistic. | ‘

In the region conjugate with the southern Iberia Abyssal plain, it can be seen that
landward of, and within the vicinity of the J anomaly, seafloor spreading anomalies aM2(R),
aM2(N), aM3(R), aM4(N) and aM5(R) can be identified and traced ~80-120 km parallel to the
margin (Fig. 7.7). This distance is comparable to the distance over which the same anomalies
can be traced across the southern Iberia Abyssal Plain (Fig. 6.10). The best fit between
calculated and observed anomalies is derived from a model whose spreading rates are 10
mm/yr. Seafloor spreading anomalies older than aMS5(R) cannot be identified north of
~44°30’N (in the region conjugate with the southern IAP). In contrast, south of ~44°30°N four
anomalies, aW’(N), aX’(N), aY’(N) and aZ’(R), which are continuous for ~200 kim parallel to
the margin, can be modelled as seafloor spreading anomalies aM10N(N) ‘and aM11(N)
together, aM11A(N) and aM12.1(N) together, aM16(N) and al7(R), respectively (Fig. 7.7).
Such modelling requires spreading rates of 10 mm/yr seaward of aM3(R) and 8 mm/yr
landward of aM3(R), identical to spreading rates required to model seafloor spreading

anomalies in the conjugate Tagus Abyssal Plain (Fig. 6.10).

2 Figure 7.7 is included as a loose sheet at the back of this thesis.
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7.1.1.3 Source depth estimates

In the region assumed to be the OCT, approximately equal in area to the OCT off
West Iberia (Fig. 7.2), the gridded sea-surface observed magnetic anomaly chart was (1)
analysed by the power spectral method of Spector and Grant (1970; section 4.1) and (2)
deconvolved by the Euler method (section 4.2), to estimate the depths to magnetic sources.

Figure 7.8 shows the logarithm of the power spectrum in the band 0-0.075 km™. This
band width was chosen based on the analyses presented in Chapter 5; it was shown there that
the best estimates of source depths were found in the lowest wavenumber band at inverse
wavelengths <~0.1 km™. The spectrum reveals that the depths of magnetic sources are at 7.1
km below the sea surface, consistent with estimates of the depth to acoustic basement (section
7.1.2.1). Euler deconvolution of the magnetic field reveals that the depth of magnetic source
solutions cluster in c;nly one population for any given structural index (0.0-3.0; Fig. 7.9).
Solutions pertaining to a structural index of either 1.0 or 1.5 represent the most likely type of
magnetic éo_urce; skewness of solution distributions, which is a measure of the degree of under-
or over-estimation of source depths (see section 4.2.7), _is a minimum for SI=1.0, 1.5.
Therefore, the most likely depth to magnetic sources can be estimated as 6-7 km or 7-9 km for

structural indices of 1.0 and 1.5, respectively.

12 -
10 Figure 7.8 Logarithm of the power
spectrum computed from magnetic
8 - anomalies in the OCT at the
= Newfoundland  continental margin
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£ observed power suggests that
4 1 magnetic sources are present at a
depth of 7.1 km bsl.
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7.2 Contrasting and comparative features of the two conjugate margins

Based on the seismic reflection, seismic refraction and magnetic field evidence
presented in Chapters 5, 6 and the present Chapter, the conjugate continental margins in the
southern Iberia Abyssal Plain and offshore Newfoundland possess the following common
characteristics:

(1) Magnetic anomalies, corresponding to oceanic crust as old as CM5(R), can be modelled
with confidence assuming spreading rates of 10 and 8 mm/yr. The distance between the J
anomaly and the oldest seafloor spreading magnetic anomaly is ~ 60 km.

(2) Both continental margins exhibit a region of relatively low basement relief between the most
seaward continental crust and CM5(R); the origin of these regions is currently ambiguous and
is assumed to be an ocean-continent transition zone (OCT).

(3) OCT widths are similar, but non-constant in a margin-parallel direction; in the southern
Iberia Abyssal Plain current estimates suggest a width of ~40 km in the vicinity of profile LG-
12 (coincident with the ODP transect) and ~130-170 km beneath and in the vicinity of profile
IAM-9 (or LG-04). At the Newfoundland margin, OCT widths of ~30-60 km and 60-115 km
have been estimated at the approximate conjugate positions to LG-12 and LG-04 (Fig. 7.2),
respectively. Therefore, a similar pattern of northward narrowing of the OCT is observed at
both margins.

(4) Seismic refraction experiments reveal two distinct layers, defined by seismic velocity and
velocity gradients, within the OCT; an upper layer ~2 km thick with velocities 4.5-5 kim/s and
higher gradient, and a lower layer with velocities of ~7.3 km/s and lower gradient. The base of
the lower layer is undefined; no mantle arrivals were recorded.

Contrasting features of the two margins are as follows:

(1) In the OCT of the southern IAP distinct linear magnetic anomalies, which parallel seafloor
spreading anomalies younger than CMS5(R), are observed on magnetic anomaly charts before
and after reduction-to-the-pole. In the conjugate OCT no equivalent anomalies are observed
before or after reduction-to-the-pole.

(2) Seafloor spreading anomalies as old as aM17(R) can be modelled in the southern Iberia
Abyssal Plain; two significant anomalies (aY(N) and aZ(R) of Fig. 6.10) can be traced across
the southern Iberia Abyssal Plain into the Tagus Abyssal Plain where their offset is consistent
with the offset of J and younger seafloor spreading anomalies. Offshore Newfoundland, in the
conjugate OCT to the southern Iberia Abyssal Plain, no equivalent anomalies are observed.

However, south of ~44°N, in the region conjugate with the Tagus Abyssal Plain, four
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Figure 7.9 Distributions of Euler solutions for structural indices (S.1.} 0.0-2.5 from
the deconvolution of magnetic anomalies in the OCT at the Newfoundland
continental margin (region defined by the box of Fig. 7.2.). The least skewed
distributions suggest that the most probable source geometries are defined by

indices of 1.0 and 1.5 with an average source depth of ~7 km (arrows).

anomalies, aW’(N), aX’(N), aY’(N) and aZ’(R) can be modelled as seafloor spreading
anomalies at spreading rates of 8 mm/yr.

(3) Two distinct populations of magnetic source depths are present beneath the southern Iberia
Abyssal Plain; at, or very near to, the top of acoustic basement and up to ~6 km beneath. In
contrast, magnetic sources in the éonjugate OCT fall distinctly into one population which falls

at, or very near to, the top of acoustic basement.
7.2.1 Implications for the model of margin formation

The proposed model for the geological nature of magnetic sources and development of
the margin in the southern Iberia Abyssal Plain (sections 6.4.2 and 6.5) cannot be applied to
the conjugate margin offshore Newfoundland for the following reasons:

(1) Significant linear (tens of kilometers long) magnetic anomalies are not observed within the
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OCT at the Newfoundland margin; instead a ‘magnetic quiet zone’ exists in which magnetic
anomalies are sub-circular, even after reduction-to-the-pole. In addition, anomalies cannot be
modelled as seafloor spreading anomalies,
(2) Magnetic sources are present at, or very near to, the top of acoustic basement only.
Although the geological nature of _crystalline basement within the OCT off
Newfoundland is ambiguous, velocity structures derived from seismic refraction models to the
north and south (Fig. 7.2) are consistent with a model of unroofed mantle peridotite. Therefore,
based on the reasoning of sections 6.4.2.1 and 6.4.2.2, together with the evidence presented in
this Chapter, I tentatively suggest that the sources of magnetic anomalies within the OCT off
Newfoundland are much more likely to be serpentinized mantle peridotites than magmatic
bodies. Although basement of continental origin is not ruled out, the very ‘smooth’ character of
acoustic basement (Figs. 7.4 and 7.5) is extremely atypical of continental crust adjacent to
rifted margins; unless obscured by large volumes of igneous material (usually at ‘volcanic’
margins), rotated continental fault blocks with significant relief are almost always observed

- (usually at ‘non-volcanic’ margins).
7.2.2 Tectonic versus accreﬁonary processes during margin development

So far, the style of margin development has not been fully discussed. Therefore, in this
section I address the possible styles of lithospheric extension which lead to conjugate margin
formation west of Iberia and offshore Newfoundland.

Previous tectonic models of margin formation west of Iberia have generally been based
on the identification of a deep subhorizontal reflector on MCS profiles. Off Galicia Bank, the S
reflector (de Charpal et al., 1978), which is a group of locally undulating, but regionally flat,
reflectors observed at 8-10 s TWTT east of peridotite ridge segment R2, is observed beneath
tilted fault blocks of continental crust. It has been interpreted to be the brittle-ductile transition
within the context of a pure shear extensional model (de Charpal et al., 1978) or a major
lithospheric detachment in a simple shear or combined pure-simple shear model (Fig. 7.10;
Winterer et al., 1988; Boillot et al., 1988a; Sibuet et al., 1992; Krawczyk and Reston, 1995;
Reston et al., 1996). In the southern Iberia Abyssal Plain there is no evidence of a reflector
which is as laterally persistent as S (>50 km), although Pickup (1997) has recognized
reflectors, D, beneath thinned continental crust (persistent for only ~15 km). Although no
extensive horizontal reflectors have been imaged beneath the OCT in the southern IAP,
'Krawczyk et al. (1996) suggest that reflectors H and L, observed along profile LG-12 (see Fig.

2.5), were part of an active detachment fault which was subsequently block faulted after
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becoming inactive as it was raised to shallower crustal levels. In their model they predict a
‘top-to-the-west’ sense of motion along the detachment fault.

The sense of motion predicted by Krawczyk et al. (1996) necessarily implies that a
master detachment surface must be present at the basement surface somewhere within thinned
continental crust at the West Iberia margin. On their profile, and on all available MCS data in
the southern AP, a reflector resembling a master detabhment is nowhere observed. Likewise on
the Galicia margin, S does not clearly reach the basement surface. Therefore, there are some
problems associated with interpreting S, or any other detachment surface, as a major low-angle
fault on which a ‘top-to-the-west’ sense of motion occurred during continental breakup.

The S reflector has also been interpreted to represent a ‘top-to-the-east’ detachment
surface based on the observation of a low angle reflector which is present at the basement -
surface at the conjugate southern Flemish Cap margin (Sibuet, 1992). This reflector is
interpreted to be the western part of S separated from S at the Galicia margin after continent‘al
breakup. In his model, pure shear and simple shear are distributed asymmetrically across the
two margins; the entire crustal section on the Flemish Cap margin deformed by simple shear,
whilst the lower and upper crust of the Galicia margin deformed by pure shear and simple
shear, respectively (Fig. 7.10). The detachment surface may merge with the brittle-ductile
transition at depth below the Galicia margin..

A hypothesis of the formation of the West Iberia and Newfoundland margins by pure
shear was first suggested by de Charpal et al. (1978). Although they suggested that S
represented the brittle-ductile transition, more recently Reston et al. (1996) have shown, by
analysis of the waveform and amplitude of S, that the reflector is indicative of a sharp change
in acoustic impedance, such as that associated écross a fault rather than through a transitional
zone such as the brittle-ductile transition. In addition, Krawczyk and Reston (1995) note that
parts of the S reflector were near to the surface (< 1 km depth) and therefore cannot represent
the brittle ductile transition. Moreover, Boillot et al. (1988a, 1989) suggest that the S reflector
is continuous with the eastern flank of the peridotite ridge, which outcrops at the seafloor, and
therefore cannot represent the brittle-ductile transition.

The most recent model (which agrees with observations) of the formation of the West
Iberia margin was proposed by Brun and Beslier (1996) in which they attempt to explain
observations at the margins west of Galicia and in the southern IAP. They suggest that the
whole lithosphere deforms by pure shear with local shear zones developing in the lower crust
and mantle (Fig. 7.11); these shear zones coincide with weaker layers which are determined by
the geotherm and mineralogy of crustal and mantle rocks. The ductile shear zones

accommodate relative displacement between the brittle layers of the lithosphere; numerical
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models of lithospheric extension (Tett and Sawyer, 1996) also predicted similar shear zones. In
c’ases of extreme extension and mantle exhumation their model predicts that the shear zones can
be exposed at the surface; sheared gabbros sampled at Site 900 (Cornen et al., 1996) and off
Galicia Bank (Gaulinaute II cruise; Boillot et al., 1995) and sheared peridotites sampled in
cores at Sites 637, 897 and 899 agree with the model. Moreover, ‘top-to-the-east’ shear sense
indicators are observed in peridotite from Site 637 (Boillot et al., 1988), consistent with a
mantle shear zone origin.

The model of formation of the West Iberia margin in the southern IAP presented in
Chapter 6 draws parallels with the pure shear models of Brun and Beslier (1996) and Pickup et
al. (1996). However, the results from the conjugate Newfoundland margin allow a model of
formation of the conjugate margin pair in which some parallels can be drawn with the simple
shear models of margin formation of Krawczyk et al. (1996). This arises from the differences
between the two margins as described in section 7.2 and because, in general, pure shear
theoretically produces symmetric features whereas simple shear produces asymmetric features.

The asymmetry in suggested magnetic source body type (i.e. syn-rift/proto-oceanic
magmatic intrusions at the West Iberia margin only), together with the difference in relief of
acoustic basement and width of OCT at both margins, suggests that in general the conjugate
margins are asymmetric and were possibly dominated by a simple shear tectonic mechanism. A
simple shear model, for example that of Wernicke (1985) would necessarily produce an
asymmetric distribution in melt products. Although Latin and White (1990) showed that very
little melt is produced by lithospheric simple shear even for crustal B values of 50, their
calculations show that considerably less melt would be produced beneath the lower plate than
beneath the upper plate i.e. any melt products are generated almost exclusively beneath the
upper plate. However, fo_r large lateral offsets between crustal and mantle stretching (e.g.
Lister et al., 1989) the calculations of Latin and White (1990), assuming a crustal § values of
50 and a potential temperature of 1280°C, predict that ~2 km of melt is generated beneath the
axis of greatest mantle attenuation, whilst no melt is generated beneath the crustal rift. If the
conjugate margins in the southern Iberia Abyssal Plain and offshore Newfoundland are
assumed to be analogous to the upper and lower plates, respectively, in the model of Latin and
White (1990), the suggested amount of melt in the lower layer of the OCT in the southern
Iberia Abyssal Plain agrees with the ~2 km generated in the model. However, there is no
evidence of detachment faulting in the southern Iberia Abyssal Plain.

The simple shear model may also account for the difference in relief of acoustic
basement within the conjugate OCTs, whilst the asymmetric melt production may account for

the differences in OCT width; as discussed in section 6.5.1, the intrusion of melt products
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Figure 7.11 A model of progressive stretching, by pure shear, f;éf?{ihi imitiation of rifting
to unroofing of mantle (A-D). A four layer brittle-ductile-brittle-dyctile crust and mantle
results in the formation of shear zones at the lower crust (LCSZ) and in the mantle
(MSZ). The pure shear mechanism results in symmetrical features at both resultant

margins (from Brun and Beslier, 1996).
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might account for some of the observed extension. Figure 7.12 shows a schematic section

through the two conjugate margins.
7.3 A comparison with other geological settings

The features observed at the conjugate continental margins of West Iberia and
Newfoundland, and some of the processes that occur during the proposed model of formation
are compared with three settings which exhibit similar features and/or phenomena. This allows
the model tb draw parallels with better understood geological processes and also link

phenomena that are considered distinct or end-member processes within solid Earth geophysics.

7.3.1 Red Sea

From geological and geophysical observations in and around the Red Sea the processes
that are occurring and that have occurred in the recent past are thought to be remarkably
similar to those which occur when a continental rift propagates and is followed spatially and
temporally by the formation of oceanic crust (Cochran, 1983). Although it is unéertain as to
whether the opening of the Red Sea resulted from synchronous or propagating continental
rifting (Omar and Steckler, 1995), the geophysical features observed do show the
characteristics of discrete stages of rifting. From south to north, the Red Sea can be divided
into three regions (Cochran, 1983; Cochran et al., 1992; Fig. 7.13). Firstly, the southernmost
Red Sea between 15°-20°N is a region where active seafloor spreading has been taking place
for 4-5 Ma; seafloor spreading anomalies are observed and a distinct spreading axis has
formed and is active at present (Roeser, 1975). Seaward dipping reflectors are observed at the
top of basement at the continental margins of the southern Red Sea (Bohannon and Eittreim,
1991) therefore suggesting that eventual continental break-up and initiation of seafloor
spreading was probably plume driven. Sﬁch reflectors are typical of volcanic continental
margins, for example at Hatton Bank (White et al., 1987; see Chapter 1), and are assumed to
be basaltic lava flows. Flood basalts found in Ethiopia, Saudi Arabia and Yemen (Moseley,
1970; Mohr, 1983; Pallister, 1987) also indicate that large scale plume related volcanism
accompanied rifting. Further, dykes and plutons are observed within the OCT of the Arabian
margin in the southern Red Sea (Bohannon and Eittreim, 1991).

The second region within the Red Sea, commonly called the transitional region, lies
north of the region of active seafloor spreading but south of ~24°N (Fig. 7.13), where late

stage continental rifting processes dominate. These processes that are currently occurring in the
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central region, from 20°-24°N, are assumed to be analogous to the processes that occur during
the stage between continental rifting and the onset of seafloor spreading during the development
of rifted continental margins. Moreover, because this central region is thought to be beyond the
effects of the Afar hot-spot.the processes may be typical of those occurring at so-called “non-
volcanic” margins, or at most very weakly “volcanic” margins.

The transitional region shows an along axis progression from features of the northern
continental region to those of the southern oceanic region. This is portrayed by the gradual
north to south increase in the density of one-dimensional basement lows or deeps culminating in
the formation of a continuous two-dimensional trough which describes the axial valley of the
southern region (Bonatti, 1985). Moreover, the deeps become deeper, longer and wider
southwards with those furthest south displaying morphotectonic features typical of slow
spreading oceanic crustal rift zone. Modelling of magnetic anomalies across the Nereus deep
(Bonatti, 1985) at ~'23°N implies that seafloor spreading started >2 Ma in its central part
although only ~1 Ma at its northern and southern flanks, suggesting that it may represent a
small scale propagating oceanic rift. Indeed, Bonatti (1985) has suggested that seafloor
spreading may well initiate at ‘hot points’ which are located in the deeps and serve as nuclei for
the initiation of seafloor spreading.

The northernmost region of the Red Sea (Fig. 7.13) is thought to be underlain by
highly thinned continental crust with magmatic bodies intruded to a greater (Bonatti and Seyler,
1987) or lesser (Cochran and Martinez, 1988; Martinez and Cochran, 1988; Bonatti, 1985;
Gaulier et al., 1988) degree. The rift axis does nbt resemble the axis in the southern Red Sea,
nor, in general, is it segmented into deeps like those observed in the central transitional region.
However, the Conrad Deep and the Mabahiss Deep (Fig. 7.13) are associated with high
amplitude linear magnetic anomalies whose causal bodies are suggested to be rift related
magmatic intrusions (Cochran et al., 1986; Pautot et al., 1986). Basaltic rocks with transitional
to alkaline affinities from Brothers Island (Taviani et al., 1984), which is adjacent to Conrad
Deep, support a rift relatéd origin of the magmatic intrusions rather than an oceanic origin,
even though the magnetic anomalies have amplitudes and are lineated similar to those in the
central and southern parts of the Red Sea where proto- and steady-state seafloor spreading
processes are occurring, respectively. However, the magnetic anomalies in the northern Red
Sea south of Brothers Island cannot be modelled by seafloor spreading. Regardless, Gaulier et
al. (1988) have proposed, based on their velocity models, that the region south of Brothers
Island is in fact oceanic crust; an upper layer (up to 4 km thick) with velocities 5.0-5.4 km/s
and a lower layer (4-5 km thick) with a velocity of ~6.7 km/s which they interpret as fractured

and altered basalt and gabbro, respectively.
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Figure 7.13 Bathymetric map (in meters) of the Red Sea showingtits division into three
sections which represent different stages of continental rifting (from Pickup, 1997, after

Martinez and Cochran, 1988). Arc shows extent of Afar hotspot. Triangles are seafloor

deeps and dots are islands.
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At Zabargad Island (Fig. 7.13), near to the boundary between the central and northern
regions, serpentinized mantle peridotites and metagabbros which are associated with silicic
gneisses and intersectgd by basaltic dykes are exposed (Bonatti and Seyler, 1987). The silicic
gneisses are believed to be lower continental crustal rocks which have been uplifted during
rifting. Likewise mantle peridotites have been uplifted and exhumed and then presumably
serpentinized by seawater. The intrusion of basaltic dykes is believed to have taken place
during the uplift, i.e. syn-rift.

I propose that similar variations to those observed along axis at present in the Red Sea
may also be :preserved across the continental margin (axis normal) of West Iberia, but probably
not across the conjugate Newfoundland margin. In this énalogy, the southern Red Sea, where
seafloor spreading is active along a continuous rift, represents the region seaward of the
peridotite ridge where oceanic crust has been accreted by true seafloor spreading processes
(basement west of and within zone A; see Chapter 5, Fig. 5.2). The central region of the Red
Sea, which is described by ‘deeps’ of accreted crust believed to be associated with punctiform -
seafloor spreading (Bonatti, 1985) may represent the region immediately east of R3 and R4 in
the southern Iberia Abyssal Plain (zone B; Fig. 5.2). East of the peridotite ridges, the igneous
basement is made up of intrusive magmatic material which may be akin to the crust formed by
punctiform seafloor spreading, i.e. immediately prior to ‘organized’ seafloor spreading. The
basement beneath the northern region of the Red Sea, which is believed to be essentially
continental crust intruded by transitional/alkaline basic syn-rift bodies, may be analogous to
zone C in the southern IAP, with the exception that Red Sea basement is largely made up of
(intruded) continental crust, in contrast to (intruded) upper mantle in the southern Iberia
Abyssal Plain.

Although the Red Sea rift makes for a reasonable analogy to the southern Iberia
Abyssal Plain and Newfoundland margins there is an important difference between the two
rifts. Firstly, and most significantly, the ‘country rock’ for the intrusion of the gabbroic bodies
across the southern Iberia Abyssal Plain is upper mantle peridotite, which has been tectonically
unroofed and serpentinized. In contrast, in the northern Red Sea it is believed that the syn-rift
magmatic bodies are intruded into continental crust, although the presence of serpentinized
peridotites with associated dykes on Zabargad Island may suggest that they are present at or

near to the top of basement in localized areas.
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7.3.3 Ultraslow and slow spreading mid-ocean ridges

At ultraslow spreading ridges magma supply from the upwelling asthenosphere at the
rift axis is limited, essentially due to the effects of conductive cooling (Reid and Jackson, 1981;
Bown and White, 1994, 1995). At spreading rates of <~7.5 mm/yr the reduction in melt supply
leads to a decrease in crustal thickness (Bown and White, 1994); at the Southwest Indian Ridge
(SWIR), whose spreading rate is 6.5-7.5 mm/yr, Minshull and White (1996) observe, from
seismic data, a crustal thickness of only 5 km. Likewise, at the extinct Labrador Sea spreading
centre, where the spreading rate gradually diminished as the North Atlantic Rift moved location
(see Chapter 2), a crustal thickness of 3-4 km is observed on seismic velocity models (Louden
et al., 1996). At the Gakkel Ridge in the Arctic Ocean where the spreading rate is 3-6.5 mm/yr,
Coakley and Cochran (1998) infer a crustal thickness of, at most, 4 km and suggest it may
actually be vanishingly thin with large regions of upperfnost basement consisting of exposed
upper mantle peridotite.

The decrease in melt supply and the increased significance of mechanical extension at
oceanic rifts whose plate separation is low (< 10 mm/yr) and at the inside corners of slow
spreading ridge segments (e.g. MAR at 22°-24°N; Cannat et al., 1995) may be significant in
the southern Iberia Abyssal Plain. If seafloor spreading models in the southern IAP (spreading
rates of <10 mm/yr) are correct, or at least are correct within the context of the model
presented in Chapter 6, the observed lack of melt derived products, in particular extrusives, in
ODP Leg 149 and .173 cores may be explained by a similar mechanism to that which reduces
melt at ultraslow spreading ridges. The dominance of tectonism and slow extension rates within
the rift results in the reduction in melt. Furthermore, the exposure and relatively rapid
serpentinization by seawater of upper mantle creates a impermeable lid to any upwardly rising
melt products, thus preventing extrusion (see sections 6.4 and 6.5); the local absence of such a
lid may result in the formation of a quasi-oceanic upper basement. However, it is extremely
important to note that at the SWIR and the Gakkel Ridge the processes contributing to seafloor
spreading are stable (i.e. steady-state) whereas processes responsible for the emplacement of
intrusives within basement beneath the southern IAP were unstable. The transition from
continental rift related conditions (intrusion under the ‘rift’ stress regime) to oceanic rift related
conditions (intrusion under ‘drift’ stress regime) necessarily implies that the comparison with
ultraslow spreading ridges conditions is not entirely valid. This may explain why the seismic
velocity structure beneath the southern IAP does not match with that adjacent to the SWIR

(Muller et al., 1997).
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The along axis changes within slow spreading ridge segments may also provide an
analogy for the observations in the OCTs of the southern Iberia Abyssal Plain and its conjugate
in the Newfoundland Basin. At segment ends, it is now widely accepted that significantly
different processes occur at the inside and outside corners. At inside corners, large low-angle
slip surfaces have been observed (e.g. Cann et al., 1997); these have been interpreted to be
low-angle detachment faults which result in asymmetric unroofing of lower crustal gabbros and
upper mantle peridotites in a similar manner to the unroofing of metamorphic core complexes
in the Basin and Range Province (e.g. Blackman et al., 1998). Serpentinization of peridotites
may also significantly reduce the strength of these slip surfaces (Escartin et al., 1997) causing
increased extension.

In contrast, the outside corners of slow spreading ridge segments have been shown to
be made up of many steeper and closely spaced faults similar to the fault pattern observed at
segment centres (Searle et al., 1998). More importantly, at segment ends the accretion of the
magmatic crust has been shown to be highly asymmetric; spreading at inside corners can be
primarily amagmatic and dominated by tectonism, whilst magma accretion is almost
exclusi\.lely restricted to the outside corners (Sauter et al., 1997; Searle et al., 1998).

I tentatively suggest that the model for margin development presented above can be
likened to the processes occurring at slow and ultraslow spreading ridge segment ends; the
OCT in the southern Iberia Abyssal Plain, with a relatively rougher basement surface and a
greater thickness of melt, is likened to the outside corner, whilst the conjugate OCT in the
Newfoundland Basin, with a smooth basement surface and lack of melt, is likened to the inside
corner. If this analogy of asymmetric accretion is valid, the sources of oldest seafloor spreading
anomalies, which can be modelled in the Iberia Abyssal Plain (Fig. 6.10) at spreading rates of
6 mm/yr, actually represent the full width of accreted material at the ridge axis. Therefore,
spréading rates of 12 mm/yr explain the magnetic observations (i.e. twice the spreading rate
assumed under symmetric accretion) and therefore an approximately constant plate separation
rate is observed across the width of the OCT. However, again I stress that the tectonic and
magmatic processes contributing to seafloor spreading at present day mid-ocean ridges are
stable (i.e. steady-state) whereas processes responsible for the generation of the OCTs in the

southern IAP and offshore Newfoundland were unstable.

7.3.3 Southwest Greenland and Labrador conjugate margin pair

The margins of southwest Greenland and Labrador are remarkably similar to the West

Iberia and Newfoundland margins in terms of their widths and geophysical properties. OCT's of
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~170 km width have been inferred, from MCS data (Chalmers and Laursen, 1995), at both
margins (Fig. 7.14). Landward of each OCT, tilted fault blocks indicative of thinned
continental crust are present (Chian et al., 1995; Chalmers and Laursen, 1995). At the SW
Greenland margin, seismic refraction models suggest that continental crust is thinned to ~3 km
and is heavily intruded (Chian and Louden, 1994). Seaward of each OCT magnetic anomalies
have been identified; the oldest anomaly, identified without question is a27(N) (Srivastava,
1978; Chalmers and Laursen, 1995). Beneath and seaward of a27(N) Moho reflections are
observed (Keen et al., 1994) which are in excellent agreement with a crustal thickness of ~7 km
from seismic refraction models (Chian et al., 1995).

The transitional basement between unequivocal continental crust and unequivocal
oceanic crust on both margins has been studied by seismic refraction methods. At the
Greenland margin two distinct velocity layers are observed; an upper 1-2 km thick layer with
low velocity and high velocity gradients (4-5 knv/s), and a lower 5 km thick layer with lower
gradient and velocities of 6.4-7.7 km/s (Chian et al., 1995). A strong reflector is observed
between the two layers as well as reﬂectioné interpreted to be faults, sill, dykes and larger
igneous bodies within the lower layer (Chalmers and Laursen, 1995). A similar velocity
structure is observed in the OCT at the Labrador margin (Chian et al., 1995). .

Magnetic anomalies, which are observed in the OCT at both margins, are low in
amplitude (<150 nT) and lineated approximately parallel to unequivocal seafloor spreading
anomalies a27(N) and younger which are observed seaward of the OCTs (Srivastava, 1978;
Roest and Srivastava, 1989a and b). Attempts to model these anomalies as seafloor spreading
anomalies have been varied; Chalmers (1991) and Chalmers and Laursen (1995) could not
produce a satisfactory model for a constant spreading rate, whilst Srivastava and Roest (1995)
have modelled anomalieé a33Y(N), and in some instances a330(N), and younger, with variable
spreading rates. At the SW Greenland margin spreading rates of 7.0, 6.5, 11.5, 15.6 and 11.5
mm/yr (from continent to ocean) are used to provide a fit between observed and calculated
anomalies between a330(N) and a24(N) within the OCT. At the Labrador margin, spreading
rates of 5.8, 17.0, 10.3, 15.6 and 11.5 mm/yr (from continent to ocean) are required to model
the same anomalies. Because such varied [up to ~3-fold increase in] spreading rates are
necessary it is not usually considered satisfactory to accept the magnetic model as a plausible
geological model; nowhere on Earth are such varied spreading rates observed within
unequivocal oceanic crust. Indeed, Srivastava and Roest (1995) do note that these anomalies,
because of their relatively lower aimplitude and broader wavelength, may be caused by the

injection of volcanic material into and through continental crust.
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Figure 7.14 (top) Reconstruction at C27 time of crustal velocity cohtbiJr profiles (in km/s) along
seismic refraction lines 88R2 (Chian and Louden, 1994) and 90R1 iCh?an et al,, 1995) across
the Labrador Sea. PR=possible peridotite ridge. (bottom) Bathymetric chart of the Labrador Sea
(contoured at 500 m intervals) showing positions of seismic refraction lines 88R2 and 90R1.
Shaded areas are regions of OCT. Dashed lines are fracture zones (HFZ=Hudson Fracture

Zone) (figure and caption from Pickup, 1997).
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Srivastava and Roest (1995) also suggest that there is a correlation between the
modelled spreading rate and the degree of roughness of the basement surface. During
[relatively] slow spreading the basement surface is rough, in contrast to during [relatively] fast
spreading where the basement is smooth. Moreover, they suggest that the entire crust, if
assumed to be oceanic, is only ~3 km thick, although, Louden et al. (1996) have suggested,
from observations in the Central Labrador margin, that apparent thin layers of oceanic crust
are actually faulted and rotated normal thickness layers of oceanic crust. In fact the thin
igneous layer might actually be a result of limited melt supply (e.g. Bown and White, 1995)
and increased tectonic thinning at slow spreading rates.

The magnetic character of the conjugate OCT pairs off West Iberia and Newfoundland
compared with those off SW Greenland and Labrador show the following features common to
both:

(1) Seismic velocity models suggest that a zone up to 170 km wide consisting of serpentinized
mantle peridotite is present and makes up the OCT.

(2) Magnetic anomalies, some of which can be modelled by seafloor spreading at variable
rates.

(3) Relatively smooth basement surface, as observed from MCS data.

I tentatively suggest that the anomalies within the OCT of the SW Greenland and
Labrador margins may be caused by the processes which, as I interpret, have lead to the
development of the margin within the southern Iberia Abyssal Plain. In both scenarios seafloor
spreading anomalies can be modelled yet all other independent evidence suggests that the
basement is composed essentially of serpentinized peridotite. It is the processes similar to those
occurring at ultraslow spreading ridges and in the central and northern Red Sea that allow this

dual character to exist.

7.5 Summary

A review of pre-existing geophysical data, and the interpretétion of a new digital
magnetic anomaly chart at the Newfoundland margin conjugate to the margin in the southern
Iberia Abyssal Plain, have further constrained the possible model of conjugate margin
formation presented in Chapter 6. Modelling of seafloor spreading anomalies has revealed that
seafloor spreading commenced at CM5(R) time, consistent with the timing of initiation of
organized seafloor spreading in the southern Iberia Abyssal Plain. Within the OCT, very few,

if any, linear magnetic anomalies are observed on sea surface anomaly charts, before and after

246



The conjugate margin pair

reduction to the pole; instead anomalies are sub-circular. The mean depth to the sources of the
sub-circular anomalies within the OCT was found to be at ~7 km depth, and more importantly,
in a single distinct populatibn whose skeWness suggests structural indices of 1.0 or 1.5 best
describe the geometry of sources.

Acoustic basement from six single-channel, and one multichannel, seismic reflection
profiles was estimated to be at ~7 km depth. Moreover, the basement surface is extremely
smooth on all but one seismic section. I suggest that, because of the almost constant depth to
acoustic basement and the circular magnetic anomalies, whose sources are at the top of
basement, the sources of magnetic anomalies are more likely to be bodies of serpentinized
peridotite than magmatic intrusions. Velocity models located in the OCT to the north and south
of the study region are consistent with basement consisting of serpentinized peridotite; in fact
their velocity profiles strongly resemble some of those from the southern Iberia Abyssal Plain
(Chian et al., in press; Dean et al., submitted). - '

Because of the contrasting sources of magnetic anomalies at the conjugate margins, I
suggest that a significant asymmetry between the two margins exists, particularly when
considering thicknesses of melt. Therefore, it is possible that margin formation was a result of
simple shear; in comparison with the model of Wernicke (1985) a ‘top-to-the-east’ sense of
shear can explain the observations. Calculations on theoretical melt thicknesses predict that ~2
km of melt is produced beneath the upper plate, whilst no melt is produced beneath the lower
plate. Because these theoretical melt thickness agree with predicted thicknesses from the
suggested model (derived from the results of this magnetic study with constraints from
seismics), the margin in the southern Iberia Abyssal Plain is likened to the upper plate, whilst
the Newfoundland margin is likened to the lower plate. Such an analogy can account for the
differences in basement relief observed. However, the simple shear model predicts that
significant displacement takes place along an intra-crustal or intra-lithospheric detachment
fault, which is not observed on MCS profiles in the southern Iberia Abyssal Plain, or on profile
85-4 offshore Newfoundland.

The proposed model of margin development is compared with the Red Sea rift, slow
and ultraslow present day spreading centres, and the conjugate rifted continental margins of
southwest Greenland and Labrador. I tentatively suggest that the progressive south to north
transition from normal oceanic crust, through unorganized and proto-oceanic crust, to thinned
continental crust observed within the Red Sea rift, are also observed across the West Iberia
margin in the southern Iberia Abyssal Plain from west to east. In contrast, at the conjugate
Newfoundland margin, the absence of melt cannot be explained by the Red Sea analogy.

Instead, the two conjugate margins draw similarities with the tectonic and magmatic processes
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that occur at ultraslow and slow spreading centres. The extremely common occurrence of
serpentinized peridotites and the vanishingly thin magmatic crust, which can result in the
absence of seafloor spreading anomalies, are likened to the OCT in the southern Iberia Abyssal
Plain. Moreover, at the ends of individual ridge segments, near to transform or non-transform
discontinuities, the asymmetric accretion of magmatic crust and differences in tectonic styles
are likened to the conjugate margins. In particular, the relatively smooth detachment-like slip
surfaces and the absence of magmatism at tectonically dominated inside corners may be likened
to the smooth, magma starved basement in the Newfoundland Basin. In contrast, the
magmatically dominated, but frequently (relatively high angle) normal faulted basement at
outside corners may be likened to the basement in the southern Iberia Abyssal Plain. The
increased width of the JAP OCT may be accounted for by the asymmetric accretion of
magmatic material, in this case; separation rates from seafloor spreading models therefore
underestimate, by one half, the true separation rate.

Finally, geological and geophysical observations at the SW Greenland and Labrador
continental margins reveal that the charécter of the OCTs there is very similar to the OCT in
the southern Iberia Abyssal Plain. The velocity structures, and the need for varied seafloor
spreading rates to model magnetic anomalies, suggests that the mode of formation of the
margin pair may be similar to that proposed for the formation of the West Iberia and

Newfoundiand conjugate continental margin pair.

248



Summary and conclusions

Chapter Eight

Summary and conclusions

The analysis of magnetic anomalies at the conjugate rifted continental margins at the
southern Iberia Abyssal Plain and the Newfoundland Basin has revealed that the sources of
magnetic anomalies are distinctly different at the two margins. The conjugate pair of, so-called,
‘non-volcanic’ rifted margins formed in Lower Cretaceous times when Iberia separated from
Newfoundland as the North Atlantic rift system propagated northwards. Extension and thinning
of continental crust was accompanied by unroofing and exposure of the upper mantle leading to
the development of an ocean-continent transition zone (OCT) at each margin. In the southern
Iberia Abyssal Plain, geological and geophysical research has constrained the origin of
basement within the, up to 160 km wide, OCT as serpentinized mantle peridotite (e.g. Sawyer
and Whitmarsh, 1994; Whitmarsh et al., 1996; Pickup et al., 1996; Discovery 215 Working
Group, 1988; Whitmarsh et al., 1998; Chian et al., in press; Dean et al., submitted). In the
conjugate OCT in the Newfoundland Basin basement is of ambiguous nature and origin.
Thinned continental crust lies landward of, whilst oceanic crust lies seaward of, each OCT.
This thesis therefore aims to constrain the width and geological nature of each OCT by
analysing the nature of magnetic sources within crystalline basement at, and adjacent to, the
OCTs at both margins, by analysis of magnetic anomalies.

Determining the character of magnetic sources was accomplished by the application of
a number of interpretational techniques. These techniques fall broadly into two groups; direct
and gradient methods and indirect methods. The application of direct methods relies upon fewer
assumptions than the application of indirect methods, although the classification is somewhat
subjective. The application of indirect forward and inverse modelling methods relies upon
assumptions concerning the direction of magnetization and the position and geometry of
magnetic sources. In contrast, in the application of direct methods these assumptions are not
necessary. Both classes of method were tested on synthetic magnetic anomalies in order to
assess and monitor their limits and resolving powers. Confidence in the application of these
techniques to the magnetic anomalies at the continental margins of West Iberia and
Newfoundland necessarily required the testing procedure.

Euler deconvolution and spectral analysis of magnetic anomaly charts were used to
compute the depths to the sources of magnetic anomalies. The power spectrum, computed from

the synthetic magnetic field over two ensembles of magnetic sources, was forward modelled by
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the Spector and Grant (1970) method; source depths were underestimated. For realistic source
layer thicknesses, the method was also found to be extremely insensitive to changes in thickness
and therefore was unable to correctly determine the true layer thickness. In addition, recent
criticism of the method, based on theoretical grounds, led me to apply other power spectral
methods to the observed magnetic anomalies in order to determine source depth. Inversion of
the power spectrum was accomplished by three different methods in which a more realistic
description of the source was assumed. The Spector and Grant (1970) approach assumes that
source depths are distributed, in a rectangular fashion, about a mean depth, and that no scaling
relationship exists between length scales. In contrast the first inverse methods assume the more
realistic Gaussian source depth probability distribution, the second inverse method assumes
that a correlation exists between length scales, whilst the third inverse method is a combination
of the two. Estimates of scaling exponents can be used to determine the geometrical distribution
of magnetization.

Estimates of magnetic source depth were also made by application of Euler
deconvolution. I showed that minimizing the operator size was sufficient to correctly depth-
locate the sources of magnetic anomalies; reduction-to-the-pole was not necessary. However,
the close proximity of magnetic sources and the indeterminate nature of magnetic source
geometries did result in under- and over-estimation of source depths. Therefore, it was found
that the most reliable means of interpreting source depth solutions was via a statistical
approach. This also provided a practical solution to the problem of very many closely spaced
Euler solutions. The most probable, and therefore the correct, source depth was determined
from the averages. in solution distributions. The degree of under- and over-estimation of
solution depths was gauged through the skewness of distributions; the most probable source
geometry, defined by a structural index, was assigned based on a minimum in the absolute
value of distribution skewness. The average depth of sources was defined by the average depth
for the chosen structural index. Multiple source depths were identified through the kurtosis
parameter; large distribution tails are indicative of more than one set of sources. For two
source depth populations the most probable depths were identified on solution histograms. The
statistical interpretational methods were tested on synthetic anomalies are were found to be
sufficiently accurate for further application to real anomalies.

Indirect magnetic methods have been used to model the observed anomalies at the
continental margins in the southern Iberia Abyssal Plain and in the Newfoundland Basin, and
also to assess the significance of such models. It was shown that two-dimensional magnetic
models constructed either 7 km or 2 km below the observation level are a good approximation

to 2.5-D bodies, providing half-strike lengths are > 20 km. Errors of less than 5% in anomaly
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amplitude were found. Therefore, real sea surface and near-bottom magnetic observations,
approximated by observations 7 km and 2 km above the source, respectively, can be modelled
by 2-D bodies.

The sources of seafloor spreading anomalies can be modelled as normally and
reversely magnetized vertically sided blocks with uniform magnetization. Magnetizations of
0.7-1.5 A/m are good representations of a realistically layered oceanic crust as determined
from seismic, igneous and magnetization structures. Multiple juxtaposed blocks were used to
compute the theoretical anomaly over oceanic crust accreted in the period CMO(R) to
CM26(N) (120-155 Ma). Anomalies generated in the period CMO(R)-CM3(R) can be
identified as distinct anomalies at spreading half-rates as low as 2 mm/yr. In contrast,
anomalies generated in the period CM4(IN)-CM16(N) cannot be identified as distinct anomalies
at spreading half-rates less than 16 mm/yr when observed 7 km above the source layer. When
anomalies are observed 2 km above the source layer most seafloor spreading anomalies can be
identified if spreading rates > 8 mm/yr are used in the model construction. The inverse indirect
method of solving the magnetization solution can, however theoretically retrieve anomalies
formed between CMO(R)-CM16(N) at spreading rates of as low as 6 mm/yr. The amplitudes of
seafloor spreading anomalies in the range CM4(R)-CM16(N), when computed 7 km above a
source layer, compare with the amplitudes of anomalies observed at the sea surface generated
by a realistic topography on the upper surface of a uniformly magnetized source layer.
Therefore, theoretically a source layer topography should be used in magnetic models.
Retrieval of a topography from the upper surface of a uniformly magnetized source layer
cannot be accomplished by inverse methods; application is made difficult because of diverging
solutions caused by the non-linear nature of the problem.

Application of the above techniques to magnetic anomalies observed west of Iberia,
together with the interpretation of the top of acoustic basement, picked from over 1500 line km
of multichannel seismic data, has revealed distinct types of magnetic sources over thinned
continental crust, over the OCT and over oceanic crust. Over continental crust, observed
magnetic anomalies become only moderately lineated, in a N-S and NNW-SSE direction, when
reduced-to-the-pole using magnetization declinations of 0° and -15°. I interpret these
declinations as indicative of an induced magnetization, although some contribution. of NRM
cannot be ruled out. Those anomalies which become moderately lineated at first sight appear to
correlate well with linear N-S trending basement features that extend south from Vasco da
Gama seamount beneath the southern Iberia Abyssal Plain. However, coherency tests reveal
that there is no statistically significant correlation between basement topography and magnetic

anomalies at any wavelength within this region. Because the results from ODP Legs 149 and
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173 largely confirm the presence of continental rocks in this region, I infer that the sources of
magnetic anomalies are not within the continental fault blocks, unlike previous speculations by
Whitmarsh and Miles (1995). In addition, although numerical experiments showed that
basement topography can produce significant magnetic anomalies, I found that no significant
correlation between topography and magnetic anomaly existed at any wavelength anywhere in
the southern Iberia Abyssal Plain. Although there exists one exception of a correlation at
wavelengths of 17 km near 40°20°N, its lack of lateral continuity suggests that in general there
the basement topography contributes an insignificant amount to the obsérved magnetic field in
the southern Iberia Abyssal Plain.

Over the assumed region of continental crust source depths are hard to define by power
spectral methods because of the probable scaling nature of crustal magnetization; scaling
exponents. of 2-3 are largely consistent with those predicted for the distribution of crustal
susceptibility in continental areas. The trade off between scaling exponent and source depth
estimates means that little depth information resides inlthe power spectrum. Source depths
derived from an analysis of Euler solutions are broadly distributed, essentially due to large
variations in depth to acoustic basement (1-9 km), and the large variation in depth to the base
of continental crust. However, many solutions cluster at 3-7 km depth below sea level although
it is possible that sources are present as deep as 15-20 km.

Over the OCT, magnetic anomalies become strongly lineated in two different directions
after reduction-to-the-pole; over the majority of the OCT anomaly trends of 010° become
apparent, whilst in the easternmost ~50 km of the OCT trends of 350° become apparent. Both
sets of lineations are best achieved using a magnetization declination of 0°, although some of
the same trends are apparent when declinations of -15° and -30° are used. I interpret these
declinations as indicative of NRM acquisition after, and possibly during, the time period when
Iberia was moving as an independent plate. Some of the 010° trending anomalies cross cut the
seaward limit of continental crust as inferred from the interpretation of MCS records and ODP
results. The depths of the sources of both sets of lineated anomalies fall into two populations; a
population at, or near to, the top of acoustic basement, and a second population 5-6 km below
the top of acoustic basement. Spectral analyses of the sea surface magnetic field could not
determine source depths due to the probable scaling nature of the magnetization distribution;
scaling exponents of ~2 suggest that the scaling nature of magnetization occurs in two
Cartesian directions and is inconsistent with expected values of 3 if the region was underlain by
continental crust.

Further constraint on the nature of the sources of these magnetic anomalies was

provided by the results of Euler deconvolution and modelling of the power spectrum of three
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near-bottom magnetometer profiles; the sbatial distribution of solutions suggests that, in
general, the shallower sources are present towards the western (immediately adjacent to the
peridotite ridge) and northern (in the vicinity of the ODP drilling transect) regions of the OCT
in the southern Iberia Abyssal Plain, whilst the sources at 5-6 km sub-basement depths are
present in the widest part of the OCT in the vicinity of MCS profile IAM-9. In this region,
preferred structural indices of 1.0 suggest the sources are dyke- or sill-like in geometrical
terms. Towards the west of the OCT, Euler solutions for structural indices of 0.0, which define
the edges of near vertically sided blocks, fall up to 2 km below the basement surface. At least
one distinct magnetic body (B1(N)) can be traced between the three profiles, a distance of ~50
km.

Source depth estimates over oceanic crust cluster at ~7 km and are coincident with the
top of acoustic basement. A structural index of 1.0 suggests that the sources may be lava-flow-
like in geometry. Similar patterns of Euler solutions were observed when the magnetic field
over two regions of unequivocal ‘normal’ oceanic crust, accreted in the early part of the
anomaly 1-34 sequence and within the Cretaceous Normal Polarity Chron, was deconvolved.
Euler solutions from near-bottom observations reveal that a structural index of 0.0 may better
describe the solutions; seafloor spreading blocks M1(N), M1(R), M2(N), M3(R) and M4(N),
derived from the inversion of the near-bottom magnetometer profiles, coincide with magnetic
bodies whose sides are defined by the position of Euler solutions. Componental magnetometry
also located some of these boundaries which were found to be essentially two-dimensional with
~N-S strikes.

The landward extent of oceanic crust was determined objectively by a 2-D inversion of
the sea surface magnetic field and 1-D inversions of three near-bottom magnetometer profiles.
Seafloor spreading blocks as young as CMS5(R), defined by magnetizations of +~1.0-1.5 A/m,
are successfully identified west of peridotite ridge R3 and in a region ~10 km east of R3. The
magnetization magnitudes of the oceanic blocks fall within the expected range for a realistically
layered crust. An assumed crustal thickness of 4 km, which is ~3 km thinner than ‘normal’
Atlantic oceanic crust, is consistent with estimates derived from a wide-angle seismic
experiment (Dean et al., submitted). Under a constant spreading rate assumption, only seafloor
blocks younger than mid-CM3(R) can be modelled. A similar result was found when sea
surface anomalies, extracted from the anomaly chart, were modelled in a less objective,
forward sense. Therefore, steady-state (organized) seafloor spreading commenced ~126 Ma.

The forward modelling of sea surface magnetic anomalies across the OCT revealed
that a seafloor spreading model could explain the observed anomalies, providing a variable

spreading rate was assumed. Under the premise that the basement within the southern Iberia
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Abyssal Plain is oceanic in origin, the pattern of magnetic reversals within the period prior to
CM3(R) and the minimum depth to the magnetic source (governed by the depth to acoustic
basement) necessarily results in a lack of significant seafloor spreading anomalies. However, I
identified some linear anomalies which could be directly correlated with seafloor spreading
anomalies generated by blocks whose widths produced a distinct anomaly. Anomalies a{M11A
and M12.1}(N), aM16(N) and aM17(Y) were identified in both the southern Iberia Abyssal
Plain and the Tagus Abyssal Plain; their margin parallel continuity for ~250 km, and left
lateral offset consistent with anomalies aM3(R) and J, further support the hypothesis that these
anomalies are similar to seafloor spreading anomalies. Moreover, anomaly a{M11A and
M12.1}(N) was modelled by Pinheiro et al. (1992) in the Tagus Abyssal Plain and found to be
very near to the onset of steady-state seafloor spreading. However, spreading rate increases of
6 to 8 to 10 mm/yr in the southern Iberia Abyssal Plain, and 6 to 10 mm/yr in the Tagus
Abyssal Plain, were required to model these anomalies. In addition, from the direct
interpretation methods described above, the sources of these anomalies are actually deeper than
expected for oceanic crustal anomalies, and the velocity model of Dean et al. (submitted) does
not resemble that of ‘normal’ oceanic crust. Therefore, it is difficult to justify a classical
seafloor spreading origin for such anomalies.

To explain the results of the magnetic analyses and models presented above, in a
context which is consistent with other geological and geophysical findings, I hypothesize that
the origin of the magnetic anomalies within the southern Iberia Abyssal Plain originate from (1)
intrusive magmatic bodies, which geophysically resemble a hybrid between syn-rift intrusions
and oceanic accreted crust, and (2) serpentinized peridotite. Seismic velocity models, seismic
reflection profiles and the results of ODP sampling provide strong constraints; serpentinized
peridotite is thought to exist throughout the OCT (e.g. Sawyer and Whitmarsh, 1994; Pickup et
al., 1996; Dean et al., submitted). I propose that relatively dense riéiﬁg melt is impeded at the
base of a layer of relatively less dense serpentinized peridotite, in much the same way that
rising syn-rift melt is impeded and ‘underplated’ at the base of continental crust at ‘volcanic’
margins (White and McKenzie, 1989). The layer of pervasively serpentinized peridotite,
determined from seismic velocity models (~2.5 km thick layer of velocity 4-5 km/s and low
velocity gradient) and seismic reflection profiles (unreflective layer of Pickup et al., 1996), also
acts as a source of magnetic anomalies at the basement surface. I suggest that the chaotic
nature of magnetite production, and therefore secondary NRM growth, during pervasive
serpentinization of peridotite results in the pattern of non-linear and sub-circular observed
magnetic anomalies. For example, I propose that locally strong and point-like sources of

serpentinized peridotite account for the high amplitude anomalies (~500 nT near-bottom)
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observed in the vicinity of ODP Sites 899 and 898. This pattern of magnetization accounts for
the lack of correlation between the observed magnetic field and basement relief, and the three-
dimensional nature of magnetic boundaries derived from componental magnetometry.

The hypothesis of deeper-seated (up to ~6 km sub-basement depth) magmatic
intrusions is consistent with seismic results. Dean et al. (submitted) showed that up to ~1.5 km
(thickness) of melt could theoretically be added to unaltered mantle peridotite to explain the
velocity structure of their 4.5 km thick lower layer (7.3-7.9 km/s). Because no distinct bodies
are resolved on seismic refraction or seismic reflection records, 1 suggest that the intrusion of
melt occurred homogeneously. Although the size of bodies may be below the seismic
resolution, it is not a necessary condition; discrete magnetic bodies, which are described by
their relative magnetization magnitudes and directions, are not necessarily discrete seismic
bodies. Indeed, theoretical calculations of the volume of melt generated during rifting (Bown
and White, 1995) predict that a melt thickness of ~1-2 km, based on estimates of rift duration,
should exist at the West Iberia margin.

The spatial and temporal means by which melt is intruded is considered within the
context of a propagating rift model (Whitmarsh and Miles, 1995). At some time during
continental rifting, either immediately prior to or at the start of mantle exhumation, melt is
intruded into exposed mantle, and perhaps even sub-continental lithospheric mantle under thin
(< 10 km; Pickup et al., 1996; Chian et al, in press; Dean et al., submitted) continental crust.
The alignment of intrusions is governed by the stress regime under which rifting occurs. The
resulting magnetic anomalies over the westernmost thinned continental crust and the
easternmost ~50 km of exhumed mantle in the vicinity of IAM-9, trend at ~350°. Increased
extension, at slow rates (possibly 10 mm/yr half-rate; Pickup, 1997), results in tectonic
exhumation of the mantle by the sequentially seaward activation of (brittle) normal faults,
which overprint ductile deformation events from earlier uplift; these normal faults are observed
on MCS profiles (e.g. Pickup et al., 1996). Such temporal faulting patterns are observed in
other extensional terranes (e:g. Basin and Range). As the rift propagated northwards, the stress
regime became dominated by that which accompanied oceanic crustal accretion, which was
active to the south. Therefore, the continual, but limited supply of melt, and the progressive
seaward activation of normal faults, resulted in a pattern of intrusions oriented parallel to the
trend of [later] seafloor spreading anomalies. The resulting magnetic anomalies can therefore
be modelled as ‘seafloor spreading’ anomalies.

The seaward shallowing of magnetic sources is attributed to the gradual increase from
‘syn-rift’ accretionary conditions to ‘seafloor spreading’ conditions. Modelled seafloor

spreading blocks, M4(N) and M5(R) east of the peridotite ridge, previously assumed to be the
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landward extent of accretionary crust, require that varied spreading rates of 11.5 mm/yr and
16.5 mm/yr be used. Together with spreading rates of ~10 mm/yr for oceanic crust west of the
peridotite ridge, I interpret a non-steady-state-type accretion of oceanic crust, which
immediately pré—dated the onset of normal seafloor spreading, and post-dated the intrusion of
deeper-seated magma bodies. Furthermore, reflectors L1 and L2 identified on MCS profile
IAM-9 immediately east of the peridotite ridge, are interpreted to be deeply penetrating
landward dipping normal faults which are perhaps similar to those observed at mid-ocean
ridges (Pickup et al., 1996).

I suggest that from the onset of continental rifting through the exhumation of the
mantlé and accretion of normal oceanic crust, conditions change gradually in response to the
gradual approach of the northward propagating épreading centre. It is therefore very difficult to
place a discrete age on the onset of seafloor spreading for the purpose of calculating volumes
of syn-rift melt. However, the onset of ‘organized’ seafloor spreading may be assigned an age
of CM3(R) (~126 Ma).

A similar, but far less detailed, magnetic -study at the conjugate rifted continental
margin in the Newfoundland Basin, revealed that the sources of magnetic anomalies there were
distinctly different from those beneath the southern Iberia Abyssal Plain. Source depths within
the OCT, which was found to be ~100 km wide, did not show a bipolar distribution. Instead
the computed source depth of 7.1 km from spectral analysis, and the Euler solution distribution
which clustered at ~7 km depth, were consistent with sources at the very top of acoustic
basement. However, no linear anomalies were observed after reduction-to-the-pole for any
sensible range of magnetization declinations used. Instead magnetic anomalies are sub-circular
in plan view and cannot be modelled as seafloor spreading anomalies older than CM5(R). 1
therefore attribute the sources of the magnetic anomalies to serpentinized peridotiie. Although
continental crust cannot be ruled out based on the magnetic evidence alone, the character of
acoustic basement is unlike that of thinned continental crust; the basement surface is extremely
flat and uniform with the complete absence of tilted fault blocks. Moreover, seismic velocity
models, to the north and south of the region, closely resemble those within the OCT in the
southern Iberia Abyssal Plain, and therefore mantle rocks' are interpreted to be present within
the region of ambiguous character (the OCT).

Based on the results and interpretation of the magnetic study, I address the mechanism
by which continental rifting and tectonic mantle exhumation took place. I draw similarities
between the nature of basement in the OCT of the.southern Iberia Abyssal Plain with basement
generated at ultra-slow and slow-spreading mid-ocean ridges and in the transition zone of the

central Red Sea. The presence of serpentinized peridotite and a reduced oceanic crustal
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thickness at the Southwest Indian Ridge and Gakkel Ridge, and the presence of serpentinized
peridotites and proto-oceanic type crust, generated by punctiform seafloor spreading, in the
Central Red Sea, may be good analogues for the processes which resulted in the formation of
the OCT in the southern Iberia Abyssal Plain. In contrast, however, I interpret the conjugate
OCT in the Newfoundland Basin as essentially amagmatic. Togeiher with the different
character of acoustic basement, [ tentati.vely suggest that there is a degree of asymmetry to the
two conjugate margins which may be a result of a simple shear dominated tectonic regime.
Models of melt generation under simple shear thinning of continental lithosphere predict that
~2 km thickness of magma is preferentially generated beneath the upper plate, compared to
none below the lower plate. I therefore suggest that West Iberia represents the upper plate
whilst Newfoundland represents the lower plate, as previously suggested for the style of rifting
off Galicia Bank (e.g. Boillot et al., 1988; Sibuet, 1992). This model of conjugate margin
formation also draws parallels with the asymmetric. tectonic and magmatic processes which
occur at the ends of slow spreading ridge segments. I compare the ‘crust’ at inside corners of
ridge segments, typified by a lack of extrusives, and low angle faulting, with the OCT in the
Newfoundland Basin, whereas the outside corners of ridge segments, typified by steeply
dipping normal faults and relatively much more accretionary crust, to the OCT in the southern
Iberia Abyssal Plain.

This thesis has provided vital insight into the development of a ‘non-volcanic’ rifted
conjugate margin pair. The magnetic methods used here, although in some cases their
application was shown to be problematic, have the potential to provide further insight into the
development of other ‘non-volcanic’ rifted continental margins that posses similar geophysical
features. I encourage a similar magnetic investigation at the non-volcanic margins of the North
Atlantié, in particular the Tagus Abyssal Plain and its conjugate off Newfoundland, and the
conjugate margins of southwest Greenland and Labrador.

I also particularly encourage the use of a statistical approach for the interpretation of
Euler - deconvolution solutions, when estimating source depths. Although near-bottom
componéntal Iﬁagnetometry provided vital and addition information, the analyses of sea surface

magnetic anomalies can also provide information when developed to their full potential.
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Appendix I

Pre-processing of near-bottom three-component
magnetometer measurements

Three components of the magnetic field, measured using a system of three
orthogonally-mounted fluxgate magnetometers, were recorded by IFREMER’s Systém
Acoustique Remorqué (SAR) along near-bottom profile SAR9S (Fig. 6.8) during cruise RRS
Discovery 215. The geometry of a near-bottom experiment is shown Figure 1.4. Because of
their much closer proximity to the source, near-bottom magnetometer profiles are superior to
sea surface profiles (see Fig. 1.5). However, deep-tow magnetic measurements suffer from two
problems. Firstly, the exact location of the fish is unknown. Fish location has to be estimated
using ship’s heading and length of tow-cable out. Therefore random spatial noise is introduced
(McKenzie and Sclater, 1971). Secondly, and more importantly, because the magnetic sensors
and mounted on the fish, they record its induced and permanent magnetic fields, H; and H,,
respectively, in addition to the geophysical signal sought, F. Thus, the observed vector field is

given by (e.g. Bullard and Mason, 1961),
H,=F+H +H, (AL1)

The Earth’s field is a weak field, therefore H; is proportional to F when the sensors are located
outboard of the platform. For short durations the permanent field, Hy, is constant. The induced
field, H;, is non-constant because measurements are made on a moving platform.

A method of determining F, by the removal of H; and H,, from H,,,, was formulated by
Isezaki (1986). Such a method requires that the sensors are towed in a loop, over a region of
the Earth’s surface where the magnetic field gradients are near-zero, i.e. in a region of no
anomalous field. F is determined through an inverse procedure by optimizing Hy, and the
constants which describe the proportional relationship between H; and F. Measurements
describing the motion of the platform, namely pitch, yaw and roll, allow these constants to be
determined. In practice it is necessary to make many calibration loops to determine the
constants well. Application of the method to the SAR data collected on cruise RRS Discovery
215 cannot be achieved because only one calibration loop was executed. _

In contrast to the theoretical inverse approach of Isezaki (1986), I adopt an empirical

procedure for removing the effects of the fish’s magnetic fields. Magnetic observations from
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the vehicle turning loop made at 750 m water depth, centred in a magnetically quiet region at
40°8’N, 10°4’W (Fig. 2.7), were used to test the variation in observed magnetic field with
vehicle heading (Fig. Al.1). Once magnetic components were resolved into north, east and
downward components, variations in the three orthogonal magnetic field components, due to
the SAR itself, were found to be no greater than ~20 nT over all heading values (Fig. AL2).
For variations in the range 80-120° (i.e., £20° about the mean towing direction), variations are
negligible. In the same heading range total field variations are ~40 nT.

The magnetic effects associated with fish roll were ignored. The magnetic effect
associated with vehicle pitch was assessed by observing magnetic variations as the fish was
hauled up the continental slope. Only the total field anomaly proved to be significant (Fig.
A1.3). Although a sinusoid over heading variations of 360°, for small variations the magnetic

effect can be considered to be linearly related to pitch.
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Appendix 11

Inversion of the power spectrum

The power spectrum as a function of wavenumber, P(k), of a total magnetic field
anomaly, can be related to a source (approximated by an ensemble of rectangular prisms) by

the model given in equation (4.11),

In[P, (k)] =InC, — yInk - 2hk + k*c> (AIL1)

where 7 is the scaling exponent, & is the depth to the top of the source, 0,2, represents a
measure of the spread in 4, and C; is a constant related to the intensity of the magnetic source.
The four unknown parameters, Cs, ¥, A, Gi can be solved by the method of least-squares

inversion for a given limited window in any given wavenumber range of the power spectrum.

For a window of n samples, equation (AII.1) can be written explicitly as,

InP 1 Ink, =2k k! (AIL2)
In P, 1 Ink, -2k, &, |(InG,
InP, 1 Ink, =2k, k? Y

: : : : : h
InP_ | |1 Ink_ -2k k%, |\ o?
InP, 1 Ink, -2k, Kk}
which i1s in the form,
y = Ax (AIL3)

For n > 4, obtaining a solution of the over-determined case is a standard procedure whereby

the error energy between the known observations, y, and the forward calculated data, §' = AX,

is minimized in a least-squares sense. The solution is thus given by,

-1

ATy (AIL4)
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Appendix III

Formulation of solutions to Euler’s homogeneity

relation

AIIL1 Estimation of the partial derivatives (directional gradients) of the total magnetic

field in the wavenumber domain

Blakely (1995), amongst others, has shown that the first directional derivatives of a

potential field are given by,

(a7 ] Alll. 1
3 9T |- i S[TIF, () (ATIL-12)
| Ox |
7] (AIIl.1b)

o 271 ik 31797, 0

[ 9y

(7T AIll.1
5|55 |= KISITE, 6 (A

where F}, (k) is a high-cut wavenumber filter designed to remove high wavenumber instability

associated with applying a FFT, and 3 represents the Fourier transform operator.
AIIL2 3-D solution, structural index, N > 0
The rearrangement of equation 4.13a yields,
X, + 9,1, +2,T, + NB = xT, + yT, + zT, + NT (ATIL2)
where T is the total field anomaly, B is the background field, N is the structural index, and

subscript denotes partial first derivative of the field. For a single observation point equation

AIIL.2 can be written as,
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X, (AIIL3)

(T, T, T, N)°|=xT,+yT,+T,+NT

If, over a given area of a specified window of size n by n there exists a unique solution to

(x0 Yo 2o B), then the n® > 4 equations can be written as,

T, Tyl I, N X, x T, + yITyl +z,1, + NT| (AllL4)
T, Ty2 T, N Yo | x, T, + )’2Ty2 +2,T,, + NT,

: : : : 2, B :
TX"Z T;'nz Tz,n2 N B an 7;"2 + yn2 T;'nz + an Tyz2 + ]VTn2

which are in the form y = Ax. The standard least-squares solution, X, is given by equation

All4.

AIIL3 3-D solution, structural index, N =0

The rearrangement of equation 4.13b yields,

XTI, + yoT, +2,T, + A=xT, +yT, + 7T, (AIILS)

which when extended in the same manner as above can be written explicitly as,

T, T, T, 1Yx o xT, +y T, +zT,, (AIIL6)
T, 71T, T, 1 Yo | | *2 T, +y,T,+z,T,

: : Y o :
Txn2 Tyn2 711n2 1 A xn2 Txn2 + yn2 T;'nz + an Twz

and solved in the same least-squares manner.
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Deep structure in the vicinity of the ocean-continent
transition zone under the southern Iberia Abyssal Plain

ABSTRACT

Discovery 215 Working Group*

We present results from a seismic and magnetic study of acoustic basement beneath the
southern Iberia Abyssal Plain. An ocean-continent transition zone (OCT), characterized by sub-
dued basement relief and weak magnetization, lies seaward of thinned continental crust. Its
western edge is a region with isochron-parallel ridges and generally higher basement magneti-
zations. The width of the OCT decreases to the north. The seaward change in basement mor-
phology coincides with changes in seismic velocity structure, but in both regions, anomalously
high velocities at shallow depths within acoustic basement suggest that the OCT consists largely
of serpentinized peridotite. Our magnetic and seismic data support the hypothesis of exhumed
upper mantle, more than that of ultraslow sea-floor spreading, for the origin of the OCT.

'TRODUCTION
At “nonvolcanic” rifted margins. where synrift
eous activity is limited or absent prior to the
set of sea-floor spreading, an ocean-continent
nsition zone (OCT) up to 130 km wide is com-
only found between the most seaward conti-
ntal fault blocks and the most landward sea-
or-spreading magnetic anomalies (e.g., Chian
al., 1995; Pickup et al.. 1996). The structure of
s OCT provides important constraints on
rmal and dynamic models of lithospheric
ension and continental breakup. The southern
ria Abyssal Plain, which has only a 1-3-km-
ck sedimentary cover, provides a good target
- a comprehensive study of the OCT, and
ently has been the focus of extensive multi-
annel seismic reflection profiling (Beslieretal.,
93), magnetic studies (Whitmarsh and Miles,
05; Whitmarsh et al., 1996a), and Ocean
lling Program (ODP) drilling (ODP Leg 173
pboard Scientific Party, 1998; Sawyer et al.,
)4, Whitmarsh et al., 1996b). The earlier
dies led to three alternative hypotheses for the
nposition of the OCT basement, corresponding
hree different breakup processes: 1) oceanic
st formed by ultraslow (~5 mm/yr) sea-floor
eading, 2) thinned and intruded continental
st (both proposed in Whitmarsh and Sawyer,
36) or 3) upper mantle exhumed principally by
iple shear (Boillot et al., 1989) or by pure shear
un and Beslier. 1996. Pickup et al., 1996).
e we present initial results of an extensive
Itichannel reflection and wide-angle seismic

“T. A. Minshull and S. M. Dean (Bullard Labora-
es. Department of Earth Sciences. University of
nbridge. Madingley Road. Cambridge CB3 0EZ,
ted Kingdom): R. B. Whitmarsh and S. M. Russell
allenger Division. Southampton Oceanography
tre. Southampton SO14 3ZH. United Kingdom:
sell also at Department of Geological Sciences. Uni-
ity of Durham, Durham DHI1 3LE): K. E. Louden
D. Chian (Department of Oceanography. Dalhousie
versity, Halifax, Nova Scotia B3H 4J1. Canada).
hors for correspondence: Whitmarsh and Minshuil.

survey of the OCT and new inversions of mag-
netic observations across it, which place further
constraints on these hypotheses.

DATA ACQUISITION

Wide-angle seismic data were acquired along
a 340-km-long profile across the margin, coinci-
dent with the preexisting deep-reflection line
IAM-9 (Pickup et al., 1996), and in a 60 by
60 km grid centered on the OCT (Fig. 1A). The
source was a 12-gun, 104 L tuned airgun array
towed at 20 m depth and fired every 40 or 50 s.
During shooting of the grid, simultaneous reflec-
tion data were recorded with a 48-channel,
2.4 km hydrophone streamer. Wide-angle seis-
mic data were recorded digitally on ocean bottom
hydrophones (OBHs) and seismographs (OBSs)
from Cambridge, Dalhousie, and Southampton.
Few magnetic profiles extend normal to the
margin across the entire area of Figure 1A, but
the coverage of ship tracks is sufficiently dense
for contouring at 25 nT (Miles et al., 1996).

BASEMENT RELIEF

The basement surface was picked from seis-
mic reflection data as a boundary between paral-
lel. flat-lying, and continuous reflectors above,

and shorter events without a consistent dip-

below. Picks were reconciled at line crossings,
converted to depth (by using bathymetry and a
velocity function based on multichannel stacking
velocities and traveltime modeling of sono-
buoys), and contoured. Basement generally
deepens southward (Fig. 1A). Two en echelon
ridges (R3 and R4) have been proposed to consist
of serpentinized peridotite (Beslier et al., 1993;
Sawyer et al., 1994). Ridge R3 at 12°30'W
extends over 60 km parallel to the sea-floor-
spreading isochrons, as do a series of highly elon-
gated highs and lows to the west of it with a spac-
ing of ~20 km and retief of ~1-1.5 km. not unlike
the present-day Mid-Atlantic Ridge. Ridge R4 at
12°15’W parallels R3 and dies out northward

logy: August 1998: v. 26; no. 8: p. 743-746: 3 figures.

around 40°35'N. R4 and R3 overlap by over
20 km. To the east of R3 and R4, basement is
characterized by highs that are more subcircular
to elliptical in plan; in the north the relief is also
1-1.5 km, but southward it is much more sub-
dued. The few elongated ridges and woughs are
not isochron-parallel, and some ridges that trend
approximately north may join the ridges of the
Vasco da Gama seamount.

MAGNETIC MODELING

The 010°-trending magnetic anomalies west
of peridotite ridge R3 have been attributed to
Early Cretaceous sea-floor spreading (Whit-
marsh and Miles, 1995; Whitmarsh et al., 1996a).
The relatively low-amplitude, but nonzero,
north-trending—anomalies that occur east of R3
and R4 suggest that even though the source
bodies are likely aligned due north, subparallel to
some basement trends and today’s magnetic
field, they too possess dominantly remanent
magnetization with a —43° Cretaceous declina-
tion (Galdeano et al., 1989). We expect most of
the contoured basement in Figure 1A to consist of
normal oceanic crust, synrift melt products
(including those representing early stages of sea-
floor spreading), or serpentinized peridotite, and
hence, to have a ratio of remanent to induced
magnetization of >1 (Harrison, 1987). Only on
the Vasco da Gama seamount itself (Capdevila
and Mougenot, 1988) and farther east, e.g., at
ODP Site 901, might continental crust, with a
predominantly induced magnetization, be ex-
pected. We conducted a two-dimensional total
field magnetic anomaly inversion (Parker and
Huestis, 1974), assuming a remanent basement
magnetization (Fig. 1B). The depth-to-basement
contours and the contoured seamount bathymetry
were merged to form the upper surface of the
source layer. Immediately west of the weakly
magnetic ridge R3, there is a region characterized
by magnetizations mostly >0.5 A/m and by peak
magnetizations >1.5 A/m. East of R3. the source-
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Figure 1. A: Depth to acoustic basement in
Iberia Abyssal Plain (IAP) (contoured with help
from L. Krawczyk and L. M. Pinheiro using data
along tracks denoted by fine lines) and con-
toured bathymetry over Vasco da Gama
seamount (J.-C. Sibuet, personal commun.).
Ocean crust lies west of peridotite ridges R3
and R4 (triangles); ocean-continent transition
zone (OCT) lies between these ridges and
oceanward edge of continental crust. Boid
lines locate Figures 2A (near Site 899) and 2C
(including ridge R4) and inset locates Figure
1C; GB—Galicia Bank. B: Resulits from two-
dimensional inversion of magnetic anomalies
(contours of modulus of magnetization; con-
tour interval = 0.5 A/m; remanent vector incli-
nation = 58°, declination = —43°) assuming a
4-km-thick source layer, equivalent to layers
with velocity < ~ 7.7 km/s (Fig. 2). Other plausi-
ble layer thicknesses yield similar resuits. C:
Results (lower plot) of Euler deconvolution of a
magnetic profile (upper plot) along IAM-9. In
lower plot of C, top of basement is shown by
black line and colored dots, and generic source
shapes correspond to structural indices (Sls)
of 0, 0.5, and 1.0.

Figure 2. Wide angle seis-
mic data (located in Fig.
1A) and corresponding
P-wave velocity models
from vicinity of OCT. Veloc-
ities are given in km/s. Data
1re bandpass filtered at
=10 Hz, coherency filtered,

nd reduced at 7 km/s, and

gain proportional to range
1 as been applied. Curves
- ark traveltimes of arrivais
from raytracing through
velocity models. Diamonds
mark OBH and OBS posi-

41°00' 4

40°30'

West 4——p East

e,

/A Peridotite ridges R3 & R4
. QDP Leg 149 dril! sites
A ([8510DP Leg 173 drill sites
40BSs & OBHs
=== yvelocity models in Fig. 2
+ + + |AP edge —

ions. A: Model of part of 8
ine CAM-144. B: OBH 3
-ecord on line CAM-144, C:
Mlodel of part of line IAM-9,
vith same distance scale
s Figure 1C. D: OBS B
rertical geophone record
on line IAM-9.

Reduced Time(s)

CAM-144(OBHS3)

8=

¥4

‘.§‘\.1‘\ ] ,Um

3.3km 0.b km cperator lengin 100
J H [
i . =
[ c
-100
R3 R4 .
: B T (’;_- - -5 g
|2 0en A, AL w2
v T a7 105
v ! r YN [}
. *fsioo- 0.5° 0. 153
£ 20

T L B A A T LA

%0 gistance (km) 200

West ¢——p East

IAM-9(OBSB)

w

60

w

m__{i'mmwmmi

o

70 80 g0

Distance(km)

70

80
Distance(km)

GEOLOGY. August 1998




ayer is uniformly weakly magnetized (<0.5 A/m)
xcept for a few isolated highs, four of which
xceed 1.0 A/m. The high at 40°40'N, [2°10'W
oincides with a pair of basement highs that
clude ODP Site 899, which has already yielded
.5 A/m cores of serpentinized peridotite breccias.
‘he other highs lie in regions where basement
ontrol'is poor or absent.
To constrain anomaly source depths, we applied
e two-dimensional Euler deconvolution method
" hompson, 1982) to the magnetic anomalies
long profile IAM-9. The method computes
epths by assuming different generic source con-
gurations or structural indices (SIs; Fig. 1C).
jeologically realistic solutions were obtained for
Isof 0.5 or 1.0. An ST of 0.5 at the basement sur-
ce should correspond to a significant step in the
asement surface or to a fault offsetting rocks of
ntrasting magnetization, but there is no corre-
tion between such solutions and either base-
ient relief or faults on [AM-9. Solutions with an
I of 1.0 seem more geologicaily plausible: they
dicate sources close to the top-of-basement sur-
ce (2040 km and >140 km distance) and
eper sources 1-3 km into the basement
10-140 km distance). An SI of 1.0 implies a
ke- or sill-like body with a thickness much less
an its height, e.g., a near-vertically sided body
ctending several hundred meters along the pro-
e. Tentative explanations are that. within the
rpentinized peridotite OCT (40-190 km dis-
nce), there are magnetization contrasts caused
y original heterogeneities in the peridotite or
/en by intrusive mafic bodies, and at 190 km
stance there are dikes coincident with the
ntinen/OCT boundary.

<ISMIC DATA
The OBH and OBS record sections generally
ve very high signal-to-noise ratios (Fig. 2). At
ort 'ranges, a complex set of low-velocity
| vals appears from the sedimentary section
d the uppermost acoustic basement; rarely is
re a strong velocity contrast at the top of the
sement. Within the OCT, where an absence of
rmal incidence Moho reflections was noted by
kup et al. (1996), a clear wide-angle Moho
lection is never seen,; instead, there appears (o
a gradual increase to upper-mantle velocities
1t generates a weak triplication at 20-30 km
fset. The clear, consistent crustal and upper-
ntle arrivals allow well-constrained two-
nensional velocity models to be determined.
re, we present portions of these models for
0 lines, line CAM- 144, close to the transect of
OP boreholes (Fig. 1A), and line IAM-9. Wide-
le seismic data were analyzed by using the
veltime modeling and inversion approach of
tand Smith (1992), constrained by the seabed
i acoustic basement profiles. Traveltime un-
tainties for basement arrivals were typically
- ms, and models were run to about the same
t-mean-square misfit.
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Along line IAM-9, an abrupt lateral change in
velocities is seen just east of the overlapping
peridotite ridges R3 and R4, which here form a
30-km-wide zone of basement highs (Figs. LA
and 2C). East of this change, a ~3 km sedimen-
tary section is underlain by a 2-3-km-thick layer
in which velocities increase steeply from ~S to
~7 km/s (Fig. 3). In the 2.5 km beneath this layer,
velocities increase more gradually, from 7.3 to

© 7.6 km/s, and normal mantle velocities are

reached about 4-5 km into acoustic basement.
Close to ridge R4, where Pickup et al. (1996)
interpreted a deep-penetrating, east-dipping nor-
mal fault from seismic reflection data, the upper-
crustal velocity contours step steeply upward.,
and beneath the peridotite ridges velocities rise
rapidly to ~7.3 km/s, only 3 km into acoustic
basement. Normal mantle velocities are reached
at 4-5 km depth.

At the eastern end of CAM-144 (Fig. 2A:
80-90 km), the velocity of acoustic basement is
higher (5.1 kim/s), and the velocity gradient in the
underlying 2-3 km is lower than elsewhere in our
models. This velocity structure. which is coinci-
dent with the presence of north-trending base-
ment fault blocks (Fig. 1A), suggests the pres-
ence of thinned continental crust at shallow
depths. In a narrow region to the west of the
thinned continental blocks (60-75 km: Fig. 2A).
there is a I-2-km-thick high-velocity-gradient
upper layer where velocities increase from 4.5 to
6.5 km/s. Beneath this layer, velocities increase
gradually from 7.4 to 7.8-7.9 km/s at 6-8 km
subbasement, and normal mantle velocities are
not detected. This structure is similar to that of
the OCT to the south along IAM-9 (Fig. 3) but
has a much more limited horizontal extent.
Beneath the basement high near ODP Site 899,
low-velocity basement and a thin high-velocity-
gradient upper layer remain, but velocities of
6.7-7.3 kmy/s in the underlying 3—4 km are lower
than those to the east and more typical of oceanic
layer 3 (White et al., 1992). However, normal
mantle velocities are still not detected.

DISCUSSION .

In our study area (Fig. 1), the OCT is charac-
terized by low magnetizations and generally
deeper and more subdued basement relief. West
of this region lies a region of isochron-parallel
basement ridges with greater magnetization west
of peridotite ridge R3. The westward change in
basement morphology also corresponds to
changes in seismic velocity structure along
CAM-144 (Site 899 high: Fig. 2A) and [AM-9
(75 km: Fig. 2C). Throughout the OCT and be-
neath the overlapping peridotite ridges along
[AM-9, the velocity structure is not typical of
either oceanic crust or thinned continental crust.
since in neither case are such high velocities nor-
mally observed at such shallow depths. On both
seismic lines in Figure 2, the velocities >7.3 km/s
observed at 1-2 km into basement most likely
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Figure 3. Representative velocity versus depth
profiles with depth measured from top of
acoustic basement. Patterned area indicates
bounds for 53-170 Ma Atlantic oceanic crust
(White et al., 1992). A: Peridotite ridge R4 on
IAM-9. B: OCT on CAM-144. C: OCT on IAM-8,
D: Site 899 basement high. Dotted lines show
representative velocity structures for crust
formed at Southwest Indian Ridge (Muller et al.,
1997), extinct rift in Labrador Sea (Louden et al.,
1996) and Aegir Rift (Grevemeyer et al., 1997).

represent upper mantle rocks, either <20% ser-
pentinized (Christensen. 1972) and/or intruded
by mafic rocks. The lack of Moho retlections is
consistent with both these suggestions. Along
line IAM-9, the upper high-velocity-gradient
layer coincides roughly with the unreflective
zone mapped by Pickup et al. (1996). which has
also been interpreted as serpentinized upper
mantle. The velocities in the central part (Fig. 2A;
60-75 km) of line CAM-144 are as much as
1 km/s higher than in the IAM-9 unreflective
zone, but the same interpretation may apply. Pos-
sibly the mantle was less permeable and/or the
thermal conditions were less favorable for ser-
pentinization at this spot.

The absence of a magmatic crust in the OCT
would be consistent with the melting model of
Bown and White (1995). Given the thinnest
continental crust we observe and an initial conti-
nental crustal thickness of ~32 km (Cordoba et
al.. 1987), then the crust has stretched by a factor
B = 8. For a mantle potential temperature of
1300 °C. a rift duration of ~20 m.y. (Whitmarsh
and Sawyer. 1996) and B = 8. only a few hundred
meters of melt is expected because the litho-
sphere would be strongly atfected by conductive
cooling. The light rare-earth-element enrichment
of the few basalt clasts recovered on Leg 149
(Seifert et al.. 1997) indicates low degrees of
melting, consistent with very limited evidence of
magmatism in the OCT. The interpretation of the

745



OCT as oceanic crust produced by ultraslow sea-
floor spreading is difficult to sustain with our
velocity and magnetic results. First, the inferred
intensities of magnetization are mostly too low,
or the sources too deep, for oceanic crust, and
the observed anomalies cannot be modeled
simply by sea-floor spreading, unlike several
other locations characterized by spreading rates
of 3-8 mm/yr (Vogt et al., 1979; LeRoy, 1995;
Muller et al., 1997). Second, crustal structures at
unequivocal slow spreading ridges are different
(Fig. 3). Whereas oceanic crust that formed at
only 8 mm/yr along the Southwest Indian Ridge
is only 3—4 km thick and may in places be under-
lain by partially serpentinized upper mantle, it
differs from the OCT structures of Figure 2 in
having a 2-km-thick oceanic layer 3 and a clear
Moho (Muller et al., 1997). Oceanic crust formed
at 3.5 mm/yr over the Labrador Sea extinct
spreading center and at <6 mm/yr in the extinct
Aegir Rift has lower upper crustal velocities and
does not exhibit velocities of over 7.0 km/s
within 3 km into basement (Louden et al., 1996;
Grevemeyer et al., 1997). Furthermore, the very
-rare indications of mid-ocean ridge basalts in
basement boreholes in the Iberia Abyssal Plain
seem inconsistent with this hypothesis.

CONCLUSIONS

From our seismic and magnetic study of the
southern Iberia Abyssal Plain, we draw the fol-
lowing conclusions.

1. The acoustic basement between thinned
continental crust and a geophysically defined
oceanic crust lying immediatety west of the
peridotite ridges may be characterized by its mor-
phology, magnetization, and seismic velocity.
The western boundary of the OCT is marked by
one or more isochron-parallel basement ridges.

2. Variations in seismic structure and basement
topography along the margin are as great as those
across it. The OCT is broader in the south
(IAM-9) than in the north (CAM-144 and ODP
drilling transect).

3. The OCT has mostly relatively weak and/or
deeper magnetization in contrast to the oceanic
crust immediately west of the peridotite ridge(s). It
 robably has a predominantly remanent mag-

etization. The tops of the magnetic source bodies
nder JAM-9 lie mostly 1-3 km into basement.

4. Seismic velocities >7.3 km/s at 2-5 km into

asement, which increase steadily with depth to
ormal mantle velocities, indicate that partially
erpentinized upper mantle is widespread in the
OCT. The depth and degree of serpentinization
vary along strike, perhaps indicating variations in
hermal structure and sediment cover immedi-
tely after continental breakup.

5. The seismic velocity structure in the upper
> km beneath acoustic basement in the OCT is
onsistent with the suggestion that this too con-
ists of serpentinized peridotite.
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6. Our results support the hypothesis of ex-
humed serpentinized upper mantle, more than the
hypothesis of ultraslow sea-floor spreading, for
the origin of the OCT.

ACKNOWLEDGMENTS

Supported by the U.K. Natural Environment
Research Council through grant GR3/9354 and
studentships (to Dean and Russell), by National
Science and Engineering Research Council of Canada
grant CSP0149983, and by a Royal Society University
Research Fellowship (to Minshull). We thank all who
sailed with us on RRS Discovery cruise 215. Depart-
ment of Earth Sciences, University of Cambridge. con-
tribution no. 5220.

REFERENCES CITED

Beslier, M.-O., Ask, M., and Boillot, G, 1993, Ocean-
continent boundary in the Iberia Abyssal Plain
from multichannel seismic data: Tectonophysics,
v. 218, p. 383-393.

Boillot, G, Féraud, G, Recg, M.. and Girardeau, J.,
1989, Undercrusting by serpentinite beneath
rifted margtns: Nature, v. 341, p. 523-525.

Bown, J. W., and White, R. S., 1995, The effect of finite
extension rate on melt generation at continental
rifts: Journal of Geophysical Research. v. 100.
p. 18011-18030. )

Brun, J. P, and Beslier, M.-O., 1996, Mantle exhuma-
tion at passive margins: Earth and Planetary Sci-
ence Letters, v. 142, p. 161-173.

Capdevila, R., and Mougenot, D.. 1988, Pre-Mesozoic
basement of the western Iberian continental
margin and its place in the Variscan belt. in
Boiltot, G, and Winterer, E. L., eds., Proceedings
of the Ocean Drilling Program. Scientific results.
Volume 103: College Station. TX. Ocean Drilling
Program. p. 3-12.

Chian, D., Keen, C. E,, Reid, I, and Louden. K. E.,
1995, Evolution of nonvolcanic rifted margins:
New results from the conjugate margins of the
Labrador Sea: Geology, v. 23, p. 589-592.

Christensen, N. 1., 1972, The abundance of serpen-
tinites in the oceanic crust: Journal of Geology,
v. 80, p. 709-719.

Cordoba, D., Banda, E., and Ansorge, J., 1987, The
Hercynian crust in northwestern Spain: A seismic
survey: Tectonophysics, v. 132, p. 321-333.

Galdeano, A., Moreau, M. G., Pozzi, J. P, Berthou.
P. Y., and Malod, J. A., 1989, New paleomagnetic
results from Cretaceous sediments near Lisboa
(Portugal) and implications for the rotation of
Iberia: Earth and Planetary Science Letters, v. 92.
p. 95-106. .

Grevemeyer, I.. Weigel, W., Whitmarsh, R. B., Avedik.
F., and Ali Deghani, G, 1997, The Aegir Rift:
Crustal structure of an extinct spreading axis:
Marine Geophysical Researches, v. 19, p. [-23.

Harrison, C. G A., 1987, Marine magnetic anomalies—
The origin of the stripes: Annual Review of Earth
and Planetary Sciences. v. 15, p. 505-543.

LeRoy, S., 1995, Structure et origine de la plaque
caribe: Implications géodynamiques: Thése de
Doctorat. Université Pierre et Marie Curie. Paris.

Louden, K. E., Osler, J. C., Srivastava. S. P, and Keen,
C. E.. 1996, Formation of oceanic crust at slow
spreading rates: New constraints from an extinct
spreading center in the Labrador Sea: Geology.
v.24.p.771-774,

Miles. P. R., Verhoef. J., and Macnab. R., 1996. Com-
pilation of magnetic anomaly chart west of Iberia.
Proceedings of the Ocean Drilling Program. Sci-
entific results. Volume 149: College Station,
Texas. Ocean Drilling Program. p. 659-664.

Printed in U.S.A.

Muller. M. R., Robinson, C. J.. Minshull, T. A., White.
R.S., and Bickle, M. J.. 1997, Thin crust beneath
Ocean Drilling Program borehole 7358 at the
Southwest Indian Ridge?: Earth and Planetary
Science Letters, v. 148. p. 93-107.

ODP Leg 173 Shipboard Scientific Party. 1998.
Drilling reveals transition from continental
breakup to early magmatic crust: Eos, v. 79,
p. 173, 180-181.

Parker, R. L.. and Huestis, S. P.. 1974, The inversion of
magnetic anomalies in the presence of topog-
raphy: Journal of Geophysical Research. v. 79,
p. 1587-1593.

Pickup, S. L. B.. Whitmarsh. R. B.. Fowler, C. M. R.,
and Reston. T. J., 1996. Insight into the nature of
the ocean-continent transition off West Iberia
from a deep multichannel seismic reflection pro-
file: Geology. v. 24, p. 1079-1082.

Sawyer. D. S.. Whitmarsh. R. B.. Klaus. A.. and Ship-
board Scientific Party. 1994, Initial reports.
Ocean Drilling Program. Leg 149: College Sta-
tion. Texas, Ocean Drilling Program. 719 p.

Setfert. K. E.. Cheng-Wen. C.. and Brunotte. D. A..
1997, Evidence from ODP Leg 149 mafic
igneous rocks for oceanic crust in the Iberia
Abyssal Plain ocean-continent transition zone:
Journal of Geophysical Research. v. 102,
p. 7915-7928.

Thompson. D. T.. 1982. EULDPH—A new technique
for making computer-assisted depth estimates
from magnetic data: Geophysics. v. 47, p. 31-37.

Vogt. P. R.. Taylor, P. R.. Kovacs, L. C.. and Johnson.
G L. 1979. Detailed aeromagnetic investigations
of the Arctic Basin: Journal of Geophysical
Research. v. 84. p. 1071-1089.

White, R. S.. McKenzie. D.. and O'Nions. K.. 1992.
Oceanic crustal thickness from seismic measure-
ments and rare earth element inversions: Journal
of Geophysical Research. v. 97. p. 19683-19715.

Whitmarsh. R. B.. and Miles. P. R.. 1995. Models of the
development of the west Iberia rifted continental
margin at 40°30’N deduced from surface and
deep-tow magnetic anomalies: Journal of Geo-
physical Research. v. 100. p. 3789-3806.

Whitmarsh. R. B.. and Sawyer. D. S.. 1996. The
ocean/continent transition beneath the Iberia
Abyssal Plain and continental-rifting to seafloor-
spreading processes. Proceedings of the Ocean
Drilling Program. Scientific resuits. Volume 149:
College Station. Texas. Ocean Drilling Program.
p. 713-736.

Whitmarsh, R. B.. Miles. P. R., Sibuet. J.-C.. and
Louvel. V.. 1996a. Geological and geophysical
implications of deep-tow magnetometer observa-
tions near Sites 397. 398. 899. 900 and 901 on the
west Iberia continental margin. Proceedings of
the Ocean Drilling Program, Scientific results.
Volume 149: College Station. Texas. Ocean
Drilling Program. p. 665-674.

Whitmarsh. R. B.. Sawver. D. S.. Klaus. A.. and Ship-
board Scientific Party. 1996b. Leg 149. Proceed-
ings of the Ocean Drilling Program. Scientific
results. Volume 149: College Station. Texas.
Ocean Drilling Program. 785 p.

Zelt. C. A.. and Smith. R. B.. 1992, Seismic travel-time
inversion for 2-D crustal velocity structure: Geo-
physical Journal International. v. 108. p. 16-34.

Manuscript received December 29, 1997
Revised manuscript received May 13. 1998
Manuscript accepted May 22. 1998

GEOLOGY. August 1998



Reprinted from

EARTH AND PLANETARY
SCIENCE LETTERS

Earth and Planetary Science Letters 154 (1998) 167-183

Fault structure and detailed evolution of a slow spreading ridge
segment: the Mid-Atlantic Ridge at 29°N

R.C. Searle **, P.A. Cowie °, N.C. Mitchell ¢, S. Allerton °, C.J. MacLeod ¢,
J. Escartin **, S.M. Russell &, P.A. Slootweg *, T. Tanaka ¢

* Depariment of Geological Sciences. Universiry of Durhum. Durham DHI 3LE. UK
h Department of Geology and Geophysics, University of Edinburgh. West Mains Road. Edinburgh EH9 3JW. UK
¢ Department of Earth Sciences. Universitv of Wales Cardiff. PO Box 914, Curdiff CFI 3YE. UK
¢ Deparnment of Eurth Sciences. Faculty Science Chiba Universitv. 1-33 Yavoi-cho. Inage-ku, Chiba. Japan 263

Received 28 January 1997: revised 11 September 1997: accepted 11 September 1997

ELSEVIER




EPSL

Fieiles
ELSEVIER Earth and Planetary Science Letters 154 (1998) 167-183

Fault structure and detailed evolution of a slow spreading ridge
segment: the Mid-Atlantic Ridge at 29°N

R.C. Searle **, P.A. Cowie °, N.C. Mitchell ¢', S. Allerton °. C.J. MacLeod ¢,
J. Escartin *°, S.M. Russell *, P.A. Slootweg *, T. Tanaka ¢

* Depariment of Geological Sciences, Unicersite of Durkam. Durham DHI 3LE. UK
o Department of Geology and Geophysics. University of Edinburgh, West Mains Road. Edinbureh EH9 3JW. UK

¢ Department of Earth Sciences. University of Wales Cardiff. PO Box 914, Curdiff CF1 3YE., UK
! Department of Earth Sciences. Faculty Science Chiba University. 1-33 Yuyoi-cho. Inage-ku. Chiba, Japan 263

Received 28 Junuary 1997: revised || September [997: accepted 11 September 1997

Abstract

We present preliminary results of a detailed near-bottom study of the morphology and tectonics of the 29°N **Broken
Spur™’ segment on the slow spreading Mid-Atlantic Ridge. using principally the TOB! deep-towed instrument. The survey
covered two-thirds of the segment length. including all of its southern non-transform boundary. and extended off-axis of 40
km (3.3 Ma) on either side. We obtained nearly complete near-bottom sidescan sonar coverage and deep-towed three-com-
ponent magnetic observations along 2-km-spaced E-W tracks. Sidescan data reveal new details of fault structure and
evolution. Faults grow by along-axis linkage. In the inside corner. they also link in the axis-normal direction by curving to
meet the next outer (older) fault: this leads to wider-spaced faults compared to segment centre or outside corner. Outward
facing faults exist but are rare. The non-transform offset is characterised by faults that are highly oblique. not parallel. to the
spreading direction. and show cross-cutting relations with ridge-parallel faults to the north. suggesting along-axis migration
of the offset. Almost all volcanic activity occurs within 5 km of the axis. Most fault growth is complete within 15 km of the
axis (1.2 Ma). though large scarps continue to be degraded by mass-wasting beyond there. Crustal magnetisation is strongly
three-dimensional. The current neovolcanic zone is slightly oblique to earlier reversal boundaries. and its magnetisation rises
to a maximum of 30 A m™' near its southern tip. The central magnetisation high tapers southwards and is dsymmetric. with
a sharp western but gradual eastern boundary. We infer a highly asymmetric accretion of layer 2 near the segment end, Older
magnetic anomalies are kinked and sometimes missing. We interpret these observations as evidence of a rapid. 18 km
southward migration of the segment boundary during the past 1.8 Ma. and present a series of reconstructions illustrating this
tectonic history. © 1998 Elsevier Science B.V.

Kevwords: Mid-Atlantic Ridge: median valley: sea-floor spreading: acoustical surveys: magnetic anomalies: faults

1. Introduction

We present preliminary results from a detailed,
near-bottom geophysical study of a single. slow-
spreading ridge segment to 3.3 Ma off-axis. Our data
reveal details of the structure of normal faults and
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their growth by both axis-parallel and axis-normal
linkage, suggest strongly asymmetric crustal accre-
tion, and enable us to demonsirate rapid, recent
along-axis migration of the non-transform offset.
Mid-ocean ridge spreading segments have been
extensively studied over the past decade. and have
come to be viewed in some sense as the basic units
of lithospheric accretion [1-5). Gravity, seismic and
geochemical data suggest that meit is preferentially
delivered to segment centres. where the crust is
thickest [3,4.6-8]. The spreading axis is usually as-
sociated with an axial volcanic ridge a few kilome-
tres wide within a broad median valley. Most seg-
ments end in short, non-transform offsets that do not
appear to display strike—slip faults along the spread-

3I°N

ing direction [4.9]. Individual segments may lengthen
or shorten and migrate along the ridge axis with
time, but tend to persist for times ~ 10 Ma or more
[10-13].

The young crust is pervasively cut by normal
faults, but the kinematics and mechanics of faulting
in this tectonic setting is poorly understood. and the
amount of extensional strain represented by them is
not well constrained. Near segment centres faulting
is symmetric across-axis, with moderate throws of a
few hundred metres and spacings of a few kilome-
tres. forming a median valley of nested graben [14].
However. at segment ends it is suggested to be
highly asymmetric: large offset (many hundreds of
metres). widely spaced ( ~ 10 km) and possibly shal-

42°W 41°W 40°W
3I°N

30°N

29°N

30°N

29°N

28°N

| ‘ l I

45°W 44°W 43°W

42°W

Fig. 1. Inser: location of study area between Atlantis and Kane transform faults on the Mid-Atlantic Ridge. Main figure: heary box outlines
area of present study. Heary lines show current plate boundary and Atlantis fracture zone. Lighter lines give crustal isochrons (labelled by

magnetic anomaly number) and bathymetric segment boundaries [10.11]. with segment numbers [
regional gravity. magnetic and muitibeam bathymetry coverage [10.11].

31 circled. Dashed line marks extent of
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low-dipping normal faults occur on the inside comner,
with smaller offset. probably closer spaced faults on
the outside corner [3,14—19]. These variations may
reflect fundamental along-axis variations in litho-
spheric structure and rheology [20,21].

The width of the zone of active faulting is uncer-
tain. Several authors suggest that faults at the MAR
are active only to distances of 8—12 km [22-24], but
the crestal mountains increase in elevation to at least
20 km from the axis and appear to be fault con-
trolled. The degree of outward facing faulting is also
unclear. Some suggest that most faults face the
spreading axis [25.26], but fast-spreading ridges show
significant numbers of outward facing normal faults
[27-29], and multibeam data at slow spreading ridges
frequently show steep. linear. outward facing slopes
(though with insufficient resolution to distinguish
fault scarps from volcanic ridges).

There is thus considerable current interest in un-
derstanding the fine details of segment structure and
evolution. Our objectives are to determine the nature
and partitioning of the faulting and its along- and
cross-segment variations including its temporal evo-
lution. to map the tectonic strain within a single
segment. and to relate these findings to the deeper
lithospheric structure. Here we present our prelimi-
nary results.

2. The Broken Spur segment

The Broken Spur segment (named after its hy-
drothermal vent field [30]) is the second segment
south of Atlantis transtorm (Fig. 1). It is number 17
in the nomenclature of Smith et al. [31] (which we
adopt here). and number 2S of Pariso et al. [11]. We
chose it for its relauvely simple structure. clearly

29" 20°

29° 10

297 00

28" 50'

] 1]
-}

-4200 -3800 -3400 -3000

-2600 -2200 -1800 -1400

Depth, m

Fig. 2. Shuded relief bathyvinetry of study area from Simrad EM-12 multibeum data. Depths in metres. contour interval 200 m. Coverage is
100% trom north of the centre of segment 17 through its southern non-transtorm offset o Up of segment 16. Positions of detailed sidescan

images shown in Fig. 4 are indicated by boxes. P = Pink Mountain (see text).
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defined offsets away from major transforms, good
pre-existing multibeam bathymetry, gravity and mag-
netics coverage [10,11], and seismicity and seismic
tomographic studies [32]. It is where Shaw originally
identified differences in faulting style between seg-
ment centre and segment end [14,21].

The segment is 62 km long with a 5-km-wide
median valley floor [4] (Fig. 2). It lies between the
28°51' and 29°23'N non-transform discontinuities,
which have dextrat offsets of 11 km (0.8 Ma) and 135
km (1.2 Ma), respectively [19]. The scarps which
bound the floor are 100—-400 m high at the centre
and outside corners, up to 1 km high at the inside
comers, and strike between 010° and 040°. The rift
mountains are also highest at the inside corners. The
well-defined, 150-300-m-high axial volcanic ridge
is displaced toward the west of the median valley
floor; it strikes 010°, slightly anticlockwise from the

43°30'W

median valley bounding faults, converging progres-
sively onto the western fault toward the north [4,31].

The segment has existed for over 10 Ma, during
which time it has propagated slowly south while its
length fluctuated between 38 and 70 km [11] (Fig.
1). The spreading direction has remained fairly con-
stant at 101° [10] since magnetic Anomaly 3A, ~6
Ma [33]. The plate divergence rate rose slowly from
22 km Ma~" at Anomaly 3 (4.2 Ma) to the present
26 km Ma ™! [10]. Crustal thickness as inferred from
gravity was a fairly uniform 6 km at 10 Ma. but has
since increased steadily to 7.9 km at the segment
centre and decreased to 5 km under the southemn
outside comner and 2.5 km under the southern inside
corner [3.11].

Deep-towed sidescan sonar surveys [31] had pre-
viously covered the median valley floor and placed a
few oblique swathes across the southern non-trans-

43°10'W 43°00'W 42°50'W

29°10'N

29°00'N

28°50'N

10km

Broken Spur Segment, MAR29°N; Fault Pattern from TOBI Sidescan Survey

Fig. 3. Structural interpretation based on TOBI sidescan images and Simrad bathymetry. Diagonal shading shows data gaps. Widths of fault
scarps measured on TOBI images are indicated by fine thickness: bar symbols show fault facing direction. {In some cases. much of the
mapped width comprises mass-wasting deposits.) Stipple indicates area of neovolcanic zone. and line with anticline symbols indicates axis

of neovolcanic ridge. Letrers denote features mentioned in text.
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form offset and the segment centre. These suggested
a landslide zone at the base of the southern inside
corner high [31] and active faulting continuing to
~ 8 km (0.6 Ma) off axis at the centre (24,34].

3. New data

Our survey covered the southern two-thirds of
Broken Spur segment. The principal tool was the
deep-towed instrument TOBI [35)], which carried a
6-km-swathe, 30-kHz sidescan sonar and three-com-
ponent fluxgate magnetometer. We operated the
ship’s  hull-mounted Simrad EM-12 multibeam
echosounder throughout the cruise (Fig. 2).

TOBI was towed at 1 m s™', 300-500 m above
the seafloor, along eighteen 70-km-long E-W lines,
mostly 2.0 km apart, and two NNE-SSW lines. It
was navigated using a combination of GPS-derived
ship position, measured tow-cable length, and vehi-
cle depth, guided by results from a dynamic cable
simulation, and checked by comparison of its sides-
can with the EM-12 bathymetry. N- and S- looking
sidescan sonar mosaics with near continuous cover
were produced manually at a scale of 1:50,000 and
horizontal resolution of ~ 10 m, and were used to
derive tectonic maps (Fig. 3). Digital sidescan mo-
saics were produced post-cruise (Fig. 4).

The ~ 2000-nT magnetic field of the TOBI vehi-
cle was determined by towing in a circle over a
region of low field gradient for a range of pitch and
roll values. Measured field components were cor-
rected using a modification of Isezaki’s method [36].

4. Fault geometry

The combination of TOBI sidescan and EM-12
bathymetry allows us to identity fault scarps and
discriminate between fault-controlled topography and
volcanic constructions. Steep (up to at least 50°) fault
scarps appear as bright acoustic reflectors that ¢an be
traced along the segment because of the degree of
overlap between sidescan swaths (Fig. 3). Acoustic
reflections come trom both fresh rock face along the
crest of each scarp and the apron of talus accumu-
lated at its base. In some places fans of talus are
actively accumulating on top of acoustically-at-

tenuating (dark) pelagic sediments ( A, Fig. 4a), while
elsewhere less active fans are themselves draped by
sediments ( B, Fig. 4a). At 35-40 km from the axis
(2.9-3.3 Ma), pelagic sediments obscure any vol-
canic morphology and all but the steep crestal faces
of larger faults. Within ~ 15 km of the axis (0-1.2
Mau) sediment is thin enough to allow faults with
displacements down to 20 m to be resolved.

Some more gently-dipping (~ 20°) planar sur-
faces are highly degraded and covered with mass-
wasting debris (e.g., the main median valley wall
scarp bounding the inside comer high between
28°53'N, 43°18'W and 29°0I'N, 43°15'N: Fig. 4b).
The along-strike continuity of these features, as well
as the extent and asymmetric disposition of the talus
deposits, suggests that they are large-scale fault-con-
trolled structures. However, it is unclear whether a
single gently-dipping major fault controls the scarp
in all these features or whether several steeper faults
are involved. In places our data show that consider-
able relief is produced by closely spaced normal
faults with displacements of several hundreds of
metres each. An example is ‘‘Pink Mountain™™ at
29°03'N, 43°23'W (P, Figs. 2 and 3) where a 1300-
m-high horst is bounded by inward- and outward-
facing faults in a complex three-dimensional geome-
try. Northwards (towards the segment centre) this
horst dies out into a single inward- facing fault (S,
Fig. 3).

The west side of Pink Mountain is a rare example
of outward facing faults (O, Fig. 3). Other examples
occur on the extreme eastern flank of the segment
centre (Q, R, Fig. 3). TOBI images of many steep,
linear, outward-facing bathymetric scarps lack typi-
cal fault-scarp textures such as Fig. 4a, instead dis-
playing volcanic morphology or mass-wasting de-
posits that may or may not be fault-related.

The overall pattern of faulting is markedly asym-
metric (Fig. 3). The western median valley wall
comprises a well-developed system of linked normal
faults. Towards the southern end of the segment
displacement increases rapidly to ~ 1200 m on a
single major fault structure which terminates abruptly
at the non-transform offset. This scarp is heavily
degraded and obscured by talus (Fig. 4b). In con-
trast, the eastern flank comprises many small.
closely-spaced faults and broad zones of fissuring
with a poorly delineated valley wall (T. Fig. 3).
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Fig. 4. Detaiied TOBI sidescan sonar images with interpretative overlays iilustrating Key features of seafloor morphology discussed in text
(see Fig. 2 for locations). Acoustic retlections are swhite. Interpretations based on combination of sidescan and bathymetry data.

(a) Ridge-parailel image from eastern flank showing relay-ramp (U) between linking inward-facing faults, Single sidescan swathe with
vehicle track approximately N-S along centre. Note variation in scarp width which is proxy for normal displacement along fault trace. Scarp
is heavily degraded. with recently active talus accumulations and gullies (acoustically reflective — whire. e.g.. A)and inactive fans covered
by acoustically absorbing (hluck) sediments (e.g.. B). Voicanic morphology is preserved in hanging wall of fault (C).
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28°52'N 28°52'N

43°22'W 43°20'W 43°18'W 43°16'W
CTT T aa—

Fig. 4. (¢) Detailed view of non-transform offset between segments 16 and 17. S-looking sidescan sonar mosaic except for small strip of
N-looking images in top left and top centre. Southern tip of segment 17 neovolcanic zone (NVZ) is on right truncating W-facing normal
faults of segment 16 (F). Northern tip of segment 16 NVZ is on left. with fresh volcanics ponded against large W-facing scarp (G) and in
contact with wall of inside corner high (#). Note absence of E-W (transform) structures between NVZ tips.
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29°08'N 29°08'N

43°22W 43°20W 2km 43°18'W 43°16W
d . ——

Fig 4. (d) Example of “*hooked™" fault terminations from western ridge flank (see text for discussion). Single swathe with vehicle track
running E-W through centre. Five inward {east) facing normal faults are at top of image. with centre one (D) hooking west to0 join second
from left. Insonification in northern half of image is to north. so face of this hooked fault is insonified along its whole length. Second fault
from right hooks west in lower part of image. where insonification is to south. so face of hooked part is in shadow but dip slope is insonifted
(E).

Many faults cross-cut volcanic edifices within a few A simple picture of laterally continuous ridge-
kilometres ot the axial volcanic ridge (e.g.. eastern parallel. uniform normal faults clearly does not apply
edge of Fig. 4c: immediately west of T, Fig. 3). here (Fig. 3). Many faults. imaged continuously from
Faulting asymmetry is most marked near the seg- tip to tip along the segment. show patterns of discon-
ment end. although a small degree persists even at tinuous structures of variable orientation and a wide
the segment centre. The sense of the asymmetry range of scarp geometries. The discontinuous pattern

appears to reverse fairly abruptly near 29°09'N. is not due to burial by sediments or lava flows
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because scarp heights, as shown by EM-I2
bathymetry, vary systematically along the lengths of
faults from a maximum near the centre to zero at the
tips. This is what we expect if scarp heights are
directly reflecting fault displacements: very similar
displacement profiles have been obtained from conti-
nental normal faults (e.g., [37]). Some larger faults
exhibit more complicated scarp height profiles and
irregular curvilinear traces. In detail, breached relay
ramps and abandoned splays are preserved in foot-
walls (e.g.. U, Figs. 3 and 4a; [24]). This is evidence
that along-strike linkage of coeval faults has been
important in the evolution of brittle deformation at
the uxis, and is discussed below. Apart from continu-
ing degradation of scarps by mass-wasting, there is
little change bevond ~ 15 km (1.2 Ma) from the
axis. Plots of cumulative heave show most faulting
to be complete by 5-10 km off-axis at segment
centre and outside corner. and by not more than
~ 15 km in the inside corner [38].

In contrast to simple ridge-paralle! fault linkage,
several faults on the western tlank terminate abruptly
in scarps trending almost orthogonal to the rift (e.g..
V. Fig. 3: Fig. 4d). These are not a separate set of
ridge-perpendicular faults but are "~hooked’” termi-
nations of ridge-parallel inward-facing normal faults.
The hook is always away from the axis.in the
direction of the segment-end offset. thus linking to
faults further off-axis. The hooks occur only at the
fault tip which terminates in the inside corner: out-
side comner tips are typically ridge-parailel. This
pattern was contirmed by EM-12 data over the
northern inside corner. Such linkage is clearly the
mechanism that accommodates increased fault spac-
ing towards the ends of segments [14].

There is a prominent set of faults which trend
~ 030° (20° clockwise of the ridge axis) in a 20-25-
km-wide zone centred on the non-transform offset
(W-X and W-Y. Fig. 3). [n some places these faults
cross-cut an earlier set of ridge-parallel faults (e.g.,
near Z, Fig. 3). This zone. and especially its northern
boundary, defines a southward pointing “arrow™
which we believe to be the trace of the non-trans-
torm offset as it migrated southwards during at least
the last 1.8 Ma (see below). This is also consistent
with the sharp contrast between tresh neovolcanic
material at the southern tip of the segment and the
old, heavily sedimented seafloor over which it ex-

trudes (Fig. 4c). The zone of oblique faults is thus
the slow-spreading equivalent of propagating ritt
pseudofaults {39,40], and is similar to the “discor-
dant zones™’ that mark the traces of migrating over-
lapping spreading centres [41]. There are no spread-
ing-parallel faults within the non-transform offset.
and the 030° faults show substantial normal displace-
ment (vertical offsets < 900 m and dips < 35° from
EM-12 bathymetry). Thus any ‘‘transform’™ motion
must occur by a combination of oblique slip and
block rotation [42] and may involve more than one
generation of superimposed faults.

3. Volcanic morphologies

The volcunic morphologies within the neovol-
canic zone (NVZ) comprise hummocky mounds.
hummocky ridges. and flat-topped. smooth. round
volcanoes {8.14.17.18]. Fresh. acoustically bright.
unsedimented volcanic morphologies are restricted (o
the inner median valley floor. with no evidence for
active volcanism > 3 km away from the spreading
axis. The NVZ axis, detined by the brightest vol-
canic morphologies and a narrow topographic ridge.
lies asymmetrically to the western side of the valley.
The eastern boundary of the NVZ is gradational
south of 29°06’ N, while to the north it is an inward-
facing normal fault (Fig. 3). The western NVZ
boundary is generally sharp, with either slump or
debris tflow material overlying neovolcanics. or fresh
volcanics overlying taulted sediments.

The southern tip of the Broken Spur NVZ is at
28°51'N (Fig. 4c). Here. the NVZ is a well-defined.
narrow ridge which makes a sharp contact with the
sedimented median valley floor and truncates minor

taults within the floor (F, Fig. 4¢). Similar relation-

ships occur at the northern tip of segment 16
(28°52'N, 43°21'N). where fresh volcanics truncate
fauft scarps and are in sharp contact with the sedi-
mented slopes of the inside comer high (G. H, Fig.
4c).

Off axis, volcanic morphologies are dominated by
an irregular terrain of sedimented hummocky volca-
noes {e.g.. C. western part of Fig. 4a). As sediment
cover increases. this terrain outcrops preferentially at
the crests and on the dip slopes of fault blocks.
Sedimented flat-topped seamounts occur throughout
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the area. but most commonly south of 29°N in the
oft-axis continuation of the non-transform offset (Fig.
3). Similar preponderances of seamounts around
MAR segment ends occur near 22°N [43] and 24°N
(8], perhaps because they suffer less tectonic dis-
memberment where faults are wider spaced. We
identify two split volcanoes, at M and west of U
(Fig. 3).

6. Vlagnetisation
6.1. Inversions

Magnetic and navigation data were merged. and
were interpolated with EM-12 centrebeam
bathymetry onto linear profiles at 100-m intervals.
Since the vehicle altitude is much less than the
bathymetric relief. upward continuation to a common
datum [44] only produces stable solutions at or above
sea level. Instead we directly inverted the observed
field assuming that it approximates that which would
be observed if the sources were on a horizontal plane

29° 10N

29° 0O'N

28° 50N

43° 40'W 43° 30W 43°20'W

43° 10w

and the vehicle were at its actual altitude above such
a plane [45). We assumed a 1-km-thick source layer.
The resultant magnetisation. appropriately filtered.
compares favourably with inverted sea-surface data
[46] (Fig. 5). confirming that skewing errors [43] are
insignificant.

6.2. Principal observations

The principal magnetisation features from the sur-
face data are also seen in the deep-towed data. but
the latter yield much sharper boundaries between
normal and reversely-magnetised crust (e.g.. the
western boundary of Anomaly In on line A a
43°15 W is only 2.2 km wide).

The Brunhes anomaly ( B. Fig. 5). 0-780 ka. is
~ 20 km wide and centred over the median valley
floor at 29°10°N in the middie of Broken Spur
segment. [t apparently widens to ~ 35 km (e.g..
B-B'. line Q) at the southern end of this segment.
though it is again 20 km wide at the centre of
segment 16 at 28°45'N [46].

Inferred magnetisation progressively decays away
from the NVZ axis, probably due to low-temperature

29° IO'N

29° 0O'N

28° SO'N

43° 00'W 42° 30'W

Fig. 5. Profiles of crustal magnetisation based on 2-D inversions [45] of TOBI total field. superimposed on contours of magnetisation
inversion solution of Pariso [11] for sea-surface field (scale bar. A m~"). TOBI inversion assumed constant |-km-thickness source laver,
Track lines at zero magnetisation. positive magnetisations white. maximum magnetisation {line 0) ~30 A m™". Anomaly identifications
[33] are: B. Brunhes (0~0.78 Ma): /. Jaramillo (0.98—1.04 Ma): 2 (1.79=2.01 Ma): 24 (2.61-3.60 Ma). B’ (line Q) indicates older part of
Brunhes anomaly. and C indicates Central Anomaly Magnetic High (see text).
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oxidation of basalt [47]. Particularly high apparent
magnetisations occur at the southern end of the
segment reaching 30 A m~™' on line. compared to 15
A m~' on line A in the north. This appears to be a
common expression of segmentation [46]. The cen-
tral magnetisation high (C, Fig. 3) follows the NVZ,
rather than the axis of the Brunhes normal zone
which steps to the right leaving a large region of
normally magnetised rock (B') in the inside corner
to the west of Broken Spur segment (number 17) and
north of segment 16.

Within the central normal zone between 29°12'N
and 28°57'N we identity a narrow band of low-am-
plitude normal magnetisation (e.g.. at 43°07'W on
line C. magnetisation is reduced from 25 to 5 A
m~'). This band follows the eastern valley wall
fault. It may result from tectonic thinning, transter of
lower-magnetisation greenschist-facies rocks to the
surface. or enhanced hydrothermal alteration perhaps
marking the down-tflow zone feeding the Broken
Spur hydrothermal field. This last is the most plausi-
ble, because some faults in the band are relatively
small and unlikely to have caused significant crustal
thinning. A similar low-magnetisation zone follows
the western valley wall fault between 29°12'N and
29°06'N (e.g.. at 43°13’W on line E). It may con-
tinue south, but cannot be readily distinguished from
the steep magnetisation gradient south of 29°00'N
(see below).

The Broken Spur hydrothermal field is at 29°10'N,
43°10'N [30], between lines A and C and close to
the central anomaly magnetisation high. Any mag-
netisation low associated with it (cf. [48]) is < 2 km
in diameter.

South of 28°57'N, the central magnetisation high
is asymmetric. From its maximum at the centre of
the neovolcanic ridge, magnetisation decreases grad-
ually eastwards over 20 km, but sharply to the west
over only 4 km towards the large valley wall fault.
This asymmetric pattern parallels that in the volcanic
morphology, which shows a gradual increase in ap-
parent age to the east but a sharp truncation (o the

west. If decreasing magnetisation reflects a gradual
decay with time [49], this pattern may reflect asym-
metric accretion with new crust preferentially ac-
creted to the eastern flank. West of the western
valley wall fault a low level of positive magnetisa-
tion (B’), which is absent farther north and on the
east flank, extends nearly 20 km farther west (io
about 43°28' W on lines O and Q). We discuss its
origin below. A local magnetisation high on line § at
43°22'W may mark the northern tip of the segment
16 NVZ.

Reversals can be identified out to Anomaly 2An
at ~ 30 km from the axis. On some lines a minor
positive magnetisation within Anomaly Ir is inter-
preted as Anomaly Ir.1n (Jaramillo event). The spac-
ing. width and amplitude of the older magnetisation
anomalies are asymmetric. even near the segment
centre. and the sense of asymmetry varies with time.
For example. on lines A and C Anomaly 2n is large
on the west flank but small on the east. while the
opposite is true of the Jaramillo. On the western
tlank, Anomaly 2n appears to terminate at 29°02'N.
The area to its south is dominated by normal mag-
netisation B’ and Anomaly 2r cannot be identified.
This area corresponds to the eastern end of a band of
high. positive magnetisation along the off-axis non-
transform offset trace and may reflect increased in-
duced magnetisation in serpentinised lower crust or
upper mantle [46].

7. Tectonic evolution

7.1. Evidence for migration

The interaction of tectonic and magmatic pro-
cesses has important implications for the way that
segments develop over time, particularly for the
thermal and therefore rheological properties of the
oceanic crust. At slow-spreading ridges it has been
recognised that this interaction s a complex four-di-
mensional process, with mechanisms varying across-

Fig. 6. Cartoon of tectonic evolution of segmentation in study area during last 2 Ma based on integrated interpretation of faulting and
magnetic reversal pattern. Fault scarps taken from Fig. 3. with regions of older seafloor progressively removed in three stages. At euch
stage. approximate positions of neovolcanic ridges are indicated by diagonal harching. Segment numbers [31] shown in bold. See text for

further explanation.
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and along-axis as well as in time. This is evident in
the present data set (Fig. 3). in particular the irregu-
lar development of faulting along the axis. the asym-
metric geometry of the segment ends. and the ac-
commodation of spreading in the non-transform off-
set by a zone of deformation rather than a long-lived
transform fault.

The crust of the southern Broken Spur segment
(number 17) did not form by simple, steady-state
symmetric spreading. as demonstrated by the follow-
ing key observations from the magnetisation reversal
pattern (Fig. 5). First. in the inside corner west of
segment 17 and north of segment 16 is a region of
normally magnetised crust (B’) along-strike from
reversely magnetised crust farther to the north. Sec-
ond. Anomaly 2 is kinked or disrupted on the eastern
tlank at 28°55'N and on the western flank at 29°02'N.
i.e. north of the current position of the segment
16/17 boundary. Third. the eastern side of the cen-
tral normal zone of segment |7 narrows towards the
end of the segment from about 20 km at 29°10'N to
10 km at 28°50'N.

Further evidence for tectonic evolution is pro-
vided by the pattern of faulting. In particular, the
trace of the non-transform offset describes an oblique
wake indicating continuous southward migration.
Immediately to the north of the western trace is a
series of topographic massifs. bounded by large fault
scarps. which we interpret as the inside corner high
and its fossil counterparts (¥ and P. Fig. 3). These
lines of evidence are all consistent with progressive
southward migration of the southern tip of segment
1 7. accompanied by discontinuous development and
abandonment of inside corner highs.

We have used the fault patterns. bathvmetry and
magnetic data to reconstruct the segment evolution
back to Anomaly 2 (1.8 Ma). We illustrate it by
removing progressively older areas from Fig. 3 and
closing the gap along the spreading direction (Fig.
6). We have not tried to restore fault heaves: at each
stage. faults within and close to the NVZ have been
deleted. but all others are left unchanged. except.that
for the 0.3 Ma case part of the large fault bounding
the inside cormer high has been removed for clarity.
This is probably reasonably realistic for smaller
fauits. since our data and [24] suggest that most
faults develop to their maximum extent close to the
axis. [t may be less accurate for the large segment-end

faults which may develop over longer periods. but
nevertheless the fault pattern provides a useful
framework in which to view-the evolution. At each
step. we indicate the approximate positions of the
NVZs as deduced from morphological and magnetic
observations.

The reconstruction lets us review the evolving
relative positions of the fault systems. It suggests
that recently there was a small. shori-lived segment
(17a) between segments 16 and 17. which contracted
as segment 17 propagated southwards.

7.2. Intra-Brunhes (0.3 Ma)

The area of the central magnetisation high has
been removed (Fig. 6a). We assume that the narrow.
high-amplitude normal magnetisation along the south
of segment 17 is the result of post-0.3 Ma propaga-
tion during the latter part of chron in. The model
predicts that the NVZ of segment 17 extended south
to 28°55'N at this time and briefly overlapped seg-
ment 17a.

7.3. Anomalv In / 1r {Brunhes / Matuvamal) bound-
ary (0.78 Ma)

At this time the NVZ of segment 17a was be-
tween 28°50'N and 28°56'N (Fig. 6b) and produced
the normally magnetised crust currently lying north
of segment 16 and west of segment 17 (B'. Fig. 3).
The southemn tip of segment 17 lay close to a large
fault to the west of the axis (V. Fig. 3). which we
believe bounded the previous inside corner high.
now the massif immediately west of box C in Fig. 2.
Relatively small. oblique faults occur on the eastern
flank. similar to the pattern at the current non-trans-
form offset.

7.4. Anomalv 2n (1.8 Ma)

The position is similar to that at the anomaly
In/Ir boundary, with a short. oblique segment [7a
and short. oblique faults in the eastern non-transform
offset traces (Fig. 6¢). The southern inside corer
high of segment 17 at this epoch is Pink Mountain
(P. Figs. 2 and 3).
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7.5. Implications of the reconstruction

Our reconstructions show that throughout the evo-
lution of spreading in this system the refationship of
the fault pattern to the segment geometry was similar
to the present one. Large faults occurred at the inside
comners of the non-transform offset and sets of oblique
faults formed at the outside corner. while faults
paralleled the axis at the segment centre. However.
the large inside corner faults are more widely spaced
than the others (earlier ones now being at N and P.
Fig. 3). and formed at intervals of 0.8-0.9 Ma. The
southern tip of segment {7 has propagated 18 km
southward in the past 1.8 Ma at a rate of ~ 10 km
Ma~'. comparable to the half spreading rate (13 km
Ma™').

7.6. Instabiliry

Regional studies have demonstrated that the ge-
ometries of individual segments and discontinuities
are relatively stable over periods ~ 15 Ma {13.46].
Our reconstruction illustrates significant instabilities
on a much shorter time scale. giving rise to quite
rapid. though possibly short-lived. fluctuations in
segment length and geometry on timescales of ~ |
Ma. Such variations may be responsible for the
apparent breadth of segment discontinuities. which
occupy zones up to ~ 30 km wide.

8. Conclusions

Our TOBI sonar images provide sufficient resolu-
tion to reveal mass-wasting and fault structures. but
are extensive and continuous enough to show the
overall faulting pattern. Deep-towed magnetisation
inversions yield significantly increased resolution
over inversion of sea-surface data. QOur main conclu-
sions are:

8.1. Faulting

(a) Fault geometry is highly three-dimensional.
There is abundant evidence for fault growth by
linkage along-axis.

{b) Towards inside-corners. faults curve sharply
into the offset direction to form hooked termina-
tions. often against older faults. This results in

fewer but larger faults occurring on inside corners
compared with outside corners and segment cen-
tres.

(¢) Faulting is strongly asvmmetric about the me-
dian valley towards the segment end. where the
valley approximates a half graben. but more sym-
metric in the segment centre.

(d) Faulting produces most of the seafloor relief.
(e) Most faults cease to be active by 15 km
off-axis.

(£) Most steep outward-facing slopes are not asso-
ciated with large outward-facing faulis. though
there is some minor faulting along some of them.

8.2, Magnerisation

{a) High magnetisations. particularly at the south
end of the segment. coincidence with the NVZ
observed in the sidescan images.

(b) Low magnetisation over valley wall faults may
reflect alteration due to {luid circulation.

{¢) Most reversal boundaries are sharp.

(d) Anomaly size and decav rate are strongly
asymmetric. especially in Anomaly In in the
southern part of the segment. We propose that this
reflects asymmetric accretion of laver 2A.

8.3. Tecronic evolution

{(a)} Fault patterns. magnetic reversal boundaries
and gross morphology suggest that the segment
boundary has migrated ~ 18 km southwards dur-
ing the last 1.8 Ma.

(b) This propagation has transferred crust from the
previous non-transform offset into the western cre-
stal mountains.

(c) Reconstructions suggest that major faults
bounding the inside corner high initiate at 0.8-
0.9-Ma intervals.

(d) Our results suggest important links between
segment propagation. fault growth. magmatic em-
placement. and asymmetric spreading.
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