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Wide-angle seismic data recorded on 13 ocean bottom instruments in the Southern Iberia 
Abyssal Plain have been analysed for the presence of P-wave azimuthal anisotropy. 
Small anisotropy (< 7 %) was identifed at depths of 3-7 km below the top of the 
basement, with a fast velocity direction oriented at N142°E. Similar studies over oceanic 
crust have found that the fast velocity direction corresponds with the plate spreading 
direction. It is difficult to reconcile the direction found here with other observations, 
and rotation of the upper mantle by motion along low-angle normal faults is proposed 
to account for the discrepancy. 

Margin parallel extension is identified in MCS profiles collected over crust formed 
within 20 m.y. of the onset of seafloor spreading and is related to the uphft of the 
region west of Gahcia Bank. Small amounts of extension are identified in margin normal 
profiles. Sub-horizontal reflections identified in all the profiles result from out-of-plane 
energy, compositional and hydrothermal layering and previous shot multiples. Modelling 
of the satellite free-air gravity anomalies along the I AM-10 profile revealed crust of 
5 - 6 ± l km thickness with up to 10% variations of the lower crustal density. These 
variations are consistent with the presence of a previously unmapped fracture zone 
which affects 125±5-110±5 Ma crust. The density models and crustal reflectivity of 
the profiles collected over the early-formed oceanic crust are similar to those of profiles 
collected away from margins. Regions of enhanced reflectivity of the basement surface 
are attributed to the emplacement of lava flows as a result of additional magma supply 
during the propagation of the paleo-ridge. 

The conformable sediment sequence, consistent with the seismic stratigraphy identi-
fled in the Southern Iberia Abyssal Plain, indicates changes in the sedimentation pattern 
during the Eocene as a result of the subduction of the southern margin of the Bay of Bis-
cay. Anomalous packages and contourite deposits in the sediment column are attributed 
to deep-water currents at about 4.6-4.7 km depth. 
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C H A P T E R 1 

Introduct ion 

The theory of plate tectonics, developed in the 1960s, divides the surface of the Earth 

into a number of plates and microplates on which the continents are able to move 

relative to each other. These plates consist of a crustal layer, which is typically about 

6.5-7 km thick under the oceans (e.g.. White et al. 1992) and 35 km thick under 

the continents, and a layer of 'hthospheric mantle' making their overall thickness about 

125 km. There are three main types of boundary between tectonic plates: divergent 

boundaries where new crustal material is formed, for example the Mid-Atlantic Ridge; 

convergent boundaries where crustal material is destroyed, such as the subduction zones 

around the Pacific Ocean; and transform boundaries where one plate moves past another 

with no accretion/loss of material, for example the San Andreas fault zone in the western 

United States (Fig. 1.1). 

1.1 R i f t ed Con t inen ta l Marg ins 

Continental margins are found where there is a boundary between oceanic and continen-

tal crust. The continental margin can mark the boundary between two plates, such as 

around the Pacific Ocean, but not necessarily so, as in the case of the Atlantic. Rifted 

margins form when the continental lithosphere is stretched and thinned sufficiently for 

them to rupture and oceanic crust to form, a process known as continental rifting. The 

point of breakup is not necessarily equidistant from the two flanks of unthinned crust 

nor is the eventual deformation of the lithosphere necessarily symmetric (e.g., Bassi 

1991;&4akxi 1987). 

The resulting margins can be classified as active rifted margins characterised by 

volcanic activity and earthquakes, or passive rifted margins which are not currently 

being deformed significantly (e.g.. Fowler 1990). 

Continental rifting involves a combination of both tectonic and magmatic processes 
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Figure 1.1: Map illustrating the tectonic plates and the different types of plate 
boundary—solid grey hnes represent accretionary boundaries, solid black hnes repre-
sent transform boundaries and dashed black hnes represent convergent boundaries. The 
San Andreas Fault is indicated by SAP and the Mid Atlantic Ridge by MAR. 

and the amount of rift-related magmatism is related to the mantle temperature, the 

initial hthospheric thickness and the rate and duration of extension (Bown & White 

1995). Passive continental margins have been traditionally termed 'volcanic' or 'non-

volcanic/magma-poor' depending on the apparent degree of rift-related magmatism. A 

margin is termed volcanic if there is evidence for significant amounts of volcanism, and 

in particular, if a sequence of seaward dipping reflections, which represents subaerial 

lava flows (Eldholm et al. 1987), and/or a high seismic velocity (~7.2 km s~^) layer of 

underplated material is observed at the base of the thinned continental crust (Mutter 

1993). Non-volcanic margins lack these features and fault bounded basement blocks are 

observed. In reality, these classifications are likely to represent the end members of a 

continuous sequence between these extremes (Mutter 1993). 

The distribution of the magmatic material and structures observed at the margin 

wiU depend upon the stretching mechanism active during the formation of the margin. 

Three main models have been proposed and are described below. 
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Figure 1.2; Models for continental extension. Dashed hnes represent the brittle-ductile 
transition; dotted lines indicate regions undergoing pure shear deformation; grey regions 
represent lithospheric mantle; regions marked with crosses represent asthenospheric 
mantle, (a) Uniform and symmetrical pure shear, (b) Lithospheric scale simple shear, 
(c) Composite extension model with simple shear restricted to the brittle crust and 
pure shear in the ductile subcrustal lithosphere. Modified from Lister et al. (1986) and 
Lister & Davis (1989). 

1.2 S t re tch ing Models 

1.2.1 P u r e Shear 

The pure shear extension model was proposed by McKenzie (1978) and assumes uniform 

stretching (/3-factor) throughout the lithosphere. Rifting in this model is symmetric and 

is accommodated above the brittle-ductile transition by normal faulting, and below the 

transition by ductile necking (Fig. 1.2a). If any horizontal variations in structure and 

composition are ignored, the rheological behaviour is thought to have a significant depth 

dependence related to hthological and mineralogical phase changes due to the increase 

of pressure and temperature and the presence of water (e.g., Kusznir &: Park 1987). 

Changes in the rheology and mineralogy can be expected as a result of magmatism and 

metamorphic processes during rifting (Twiss & Moores 1992). 

The original model with a uniform /3 throughout the lithosphere has been refined 
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to allow for variations in the amount of stretching with depth (e.g., Dunbar & Sawyer 

1989a). Dunbar Sz Sawyer (1989a) defined end-members for a model of rifting with a 

lithosphere consisting of two layers of differing strengths. Where the mantle is weaker 

than the crust, the extension is focused in the mantle and there is magmatism early 

in the extension and a narrow continental margin. Where the crust is weaker than the 

mantle, the extension is focussed in the crust and magmatism occurs late in the rifting 

episode, grabens are formed and a wide, possibly asymmetric, continental margin is 

formed. 

In this model, little or no rift-related magmatism is predicted if the extension is 

not instantaneous, the final /3 is low, or if there is a low mantle potential temperature 

(White et al. 1992; Bown & White 1995, Fig. 1.3). With all of these possibihties, heat 

loss by conduction from the upwelling mantle reduces the amount of melt produced. 

Bown & White (1995) 

Q 75 

Latin & White (1990) 

125 
1200 1400 

Temperature {°C) 
1600 

Figure 1.3: Temperature distribution for rifted continental lithosphere, initially 125 km 
thick, stretched with a /^-factor of 5. The curve of Latin & White (1990) uses an 
asthenospheric potential temperature of 1480° and assumes simple shear rifting. The 
curve of Bown & White (1995) uses an asthenospheric potential temperature of 1400° 
and assumes pure shear rifting over a 15 m.y. period; dashed line, as Bown & White 
(1995) but for instantaneous rifting. The solidus is from McKenzie & Bickle (1988). 

The effects of latent heat are ignored. Significant melting occurs in the pure shear rifting 
model; even with a higher mantle potential temperature, little or no melting occurs in 
the simple shear rifting model. Modified from Latin & White (1990) and Bown & 
White (1995). 
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1.2.2 Simple Shear 

A low-angle shear zone or detachment fault that cuts the hthosphere was proposed to ac-

count for the metamorphic core complexes observed in the Basin and Range Province of 

the western United States (e.g., Wernicke 1981, 1985). The low angle faults can accom-

modate large displacements and have a vast aerial extent—for example, the Whipple 

detachment has an aerial extent of >10,000 km^ and a relative displacement of over 

40 km (Lister & Davis 1989). 

Simple shear models can explain the apparently asymmetric structure that is ob-

served on some conjugate rifted margins, such as those in the Labrador Sea (Chian & 

Louden 1994; Chian et al. 1995) and the central Atlantic (Dunbar & Sawyer 1989b). 

Such models are also proposed to account for low-angle events observed on seismic re-

flection profiles over thinned continental crust in the North Atlantic (e.g., Reston et al. 

1996). 

In simple shear models, the magmatic material produced during the stretching and 

rifting leading to the formation of the margins will not be symmetrically distributed 

between each margin in a conjugate pair. Instead, it will be concentrated beneath the 

'upper plate' where most of the thinning occurs (Fig. 1.2b). However, as little or no 

rift-related magmatism is predicted for a simple shear rift, irrespective of the mantle 

potential temperature (Latin & White 1990, Fig. 1.3), other processes must also be 

operating where magmatism is observed. 

1.2.3 Composi te r if t ing models 

It is apparent that while some components of the development of continental margins 

can be explained through either pure or simple shear mechanisms, these mechanisms do 

not account for all the features observed, and certainly fail to account for the observed 

distribution of magmatic material. Composite models include elements of both the sim-

ple and pure shear deformation mechanisms (Fig. 1.2c) possibly acting at different scales 

and at different times during the development of the margin. As a result, these mod-

els can match observations of low-angle faults that support simple shear but do not cut 

across the entire hthosphere. Composite models can therefore represent the development 

of continental margins more comprehensively than the individual end-members. 
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Figure 1.4: Yield strength curves for (a) oceanic, (b) continental lithosphere and (c) 
serpentinised peridotite. (a) and (b) after Molnar (1988). (c) using friction law for 
serpentinite from (Escartm et al. 1997) (solid hne) below 400°C and Byerlee's law 
(Byerlee 1978) above 400°C. The dashed line indicates hydrostatic-Byerlee's law hmit 
for olivine. The parameters used to calculate the curves are summarised in Table 1.1. 

1.3 Rheology of t h e L i thosphere 

Rheology is the science of the deformation and flow of solid materials. The way in which 

a sohd reacts to stresses applied is dependent on the magnitude of the stress and the 

length of time that the stress is apphed for. If the applied stress is less than the yield 

stress, the solid will deform with an elastic behaviour; if the applied stress is greater 

than the yield stress, the solid will experience brittle deformation (e.g., Byerlee 1978) or 

ductile flow (e.g., Goetze 1978). Brittle deformation leads to a rupture, without other 

distortion, of the sohd and is the main deformational process in the upper 5-10 km of 

the lithosphere. Ductile deformation leads to a slow change of shape of the solid and 

is the main process acting in the asthenosphere. The depth of the transition between 

brittle and ductile deformation depends on the composition, local geothermal gradients, 

original thickness and the strain rate. 

The different composition of the oceanic and continental crust affects the strength 

and hence style of deformation of the oceanic and continental lithosphere (Fig. 1.4). 

The upper continental crust can be considered as wet quartzite and an approach to 

model the composition of the lower continental crust is to consider it as an aggregate of 

dry quartzite and anorthosite (e.g., Perez-Gussinye et al. 2001). The rheology of the 

oceanic crust is often modelled as diabase (e.g., Escartm et al. 1997). 

In addition to the composition of the crust and lithosphere, the strain rate, geotherm, 

original thickness and the age of the lithosphere at the time of loading both affect the 

strength of the lithosphere, the latter being especially important in the oceanic litho-
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Table 1.1: Parameters used to calculate the yield strength curves shown in Fig. 1.4. 
a = exp (E /n i? r ) . e = 10"̂ ® (oceanic lithosphere) and 4 x 10"^^ for 
continental lithosphere, as determined for West Iberia (from Perez-Gussinye et al. 
2001). Values for wet and dry quartz, aggregate and olivine from Perez-Gussinye et al. 
(2001). Lower table shows the parameters for determining the limit of brittle failure 

, f ixan (7 < 200MPa , . , , 
(Byerlee s Law, n = j „ 5 ^ jg , + o,6a„ a„ > 200MPa ' 

and ji is the coefficient of friction). 
variable Wet Quartz Dry Quartz Aggregate Olivine Units 
E 134 149 192^ 500 kJ mol~^ 
n 2.4 2.9 3 3 dimensionless 
A 1.3 X 10-^° 5 X 10-25 4.9 X 10-^ 

variable Quartz/Olivine Serpentinite Units 
jj, 0.8 0.4 f dimensionless 

^ Based on data from Escartm et al. (1997) 

sphere (e.g.. Watts 2001; Watts & Zhong 2000). The strength curves shown in Fig. 1.4 

were calculated for strain rates of £ = 10"̂ ® s~^ (oceanic lithosphere and serpentinite) 

and 4 x 10"^^ s~^ (continental lithosphere), as determined for West Iberia (from Perez-

Gussinye et al. 2001). The thickness of the oceanic brittle layer determined from 

earthquake focal mechanisms, which have a much higher strain rate, shows a slight 

dependence with age, although for crust formed at a half spreading rate greater than 

10 mm/yr, there is little change from a thickness of 2-3 km (Huang & Solomon 1988). 

At half spreading rates less than 10 mm/yr, the brittle thickness increases to 7 km, most 

of the thickness of the oceanic crust (Huang & Solomon 1988). 

If the geothermal gradient increases, the thickness of the brittle layer decreases and 

the whole of the lower continental crust can fall in the ductile deformation field (Watts 

2001). Likewise, if the gradient is reduced, the thickness of the brittle layer increases 

and the whole of the crust can become brittle. Similarly, if the crust is initially thinner 

than normal, the whole crust and the upper mantle fall in the brittle deformation field, 

and if the crust is initially thicker than normal, the lower crust will deform by ductile 

deformation (Watts 2001). 

Finally, the strength of the lithosphere depends on the age of the lithosphere at 

the time of deformation (e.g.. Watts 2001). As the crust becomes older, the depth 

to the 450°C isotherm which marks the limit of the brittle deformation field increases, 

and therefore, the brittle thickness of the crust increases (Watts & Zhong 2000; Watts 

2001) . 
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For representative values of the initial thickness, geothermal gradient and strain 

rate (Table 1.1), Fig. 1.4a shows that the whole of the oceanic crust is likely to deform 

by brittle failure and that the upper 10-15 km of the oceanic lithospheric mantle is also 

likely to experience brittle failure. Olivine is the most abundant and weakest mineral in 

the upper mantle and the rheology of olivine is therefore likely to control the dynamics of 

the upper mantle (Mackwell 1987). Continental crust, on the other hand, can include 

regions of weakness at the base of the upper crust and the base of the lower crust 

(Fig. 1.4b), although it too can be brittle throughout depending on the strain rate and 

geotherm (Watts 2001). 

The basement within the region studied in this thesis consists largely of serpen-

tinised peridotite which may behave differently as it has a coefficient of friction of ~ 0.3 

(Escartm et al. 1997). The strength of the lithosphere is therefore reduced (Fig. 1.4c). 

As with the oceanic lithosphere, and unlike the continental lithosphere, serpentinised 

peridotite will experience brittle deformation to a depth of about 18 km, and does not 

include a region of relative weakness. However, the strength does increase sharply at 

the base of the serpentinised region, but the inclusion of a reduction in the degree of 

serpentinisation with depth would reduce this apparent jump. 

1.4 N o r t h At lan t ic Marg ins 

The continental margins in the North Atlantic include examples of both volcanic and 

non-volcanic margins. The volcanic margins are generally found north of about 60°N, 

for example near Norway, Greenland and Rockall. Thick sequences of seaward dipping 

reflectors can be identified from seismic reflection profiles and seismic refraction models 

include high velocity layers interpreted as underplated magmatic material (e.g., Morgan 

et al. 1989; Fowler et al. 1989; Barton k. White 1997). The oceanic crust at these 

higher latitudes is thicker than normal for the North Atlantic (White et al. 1992), due 

to the influence of the Iceland Mantle plume which increases the mantle temperature. 

Towards the south, the amount of rift-related magmatism decreases and, at the Goban 

Spur at ^48°30'N, only a small amount of synrift magmatism is identified (Horsefield 

et al. 1994). Margins further south show no sign of extensive magmatism, and are 

deemed to be non-volcanic. 

The non-volcanic margins in the eastern north Atlantic are characterised by the 

absence of a distinct boundary between the oceanic and continental crust. Instead, 

between crust identified as oceanic and crust identified as continental on the basis of 
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Figure 1.5; Magma-poor continental margins in the North Atlantic Ocean: Newfound-
land, South Labrador, South-west Greenland, South Flemish Cap, Tagus Abyssal Plain, 
Southern Iberia Abyssal Plain, Gahcia Bank, North Bay of Biscay and Goban Spur. 
The Southern Iberia Abyssal Plain is located at about 40°N, 12°W on the West Iberia 
margin. The Rockall margin is shown as an example of a volcanic continental margin. 

their velocity structures, there is a zone where the basement matches neither the velocity 

structure of oceanic nor continental crust and has a high velocity lower crustal layer. 

This zone can be between 10 and 170 km wide (see Table 1 in Dean et al. 2000) and 

is wider where the region of extended continental crust is narrower, and was termed the 

'transition zone' by Pickup et al. (1996) and Dean et al. (2000). The combined width 

of the extended continental crust and the transition zone is typically 100-200 km in the 

North Atlantic. 

Recent work at the Goban Spur has shown that there is a 70 km wide zone of 

serpentinised mantle adjacent to the thinned continental crust (Andrew Bullock, pers 

comm. 2003). This zone is comparable to a zone found in the Southern Iberia Abyssal 

Plain (e.g., Whitmarsh et al. 2001b, Section 2.2.3) and was determined by analysing 

travel times to ocean bottom instruments along a 169 km long profile located just east 

of the first identified seafioor spreading magnetic anomaly, A34. 
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1.5 T h e West Iber ia Marg in 

The West Iberia Margin, located between 37°N and 43°N (Fig. 1.5) is one of the best 

studied rifted continental margins in the world and has been studied using many geolog-

ical and geophysical techniques, including seismic reflection and refraction experiments 

(e.g., Dean et al. 2000; Discovery 215 Working Group 1998; Sawyer et al. 1997; Groupe 

Galice 1979; Chian et al. 1999), and also magnetic anomaly modelling (e.g., Russell 

&: Whitmarsh 2003). The seafloor and sub-surface geology has been sampled through 

Deep Sea Drilling Project (DSDP) Leg 47B (Sibuet et al. 1979), Ocean Drilling Pro-

gram (ODP) Leg 103 (Boillot et al. 1988), ODP Leg 149 (Whitmarsh & Sawyer 1996) 

and 173 (Whitmarsh et al. 1998) as well as dredging (Boillot et al. 1979a). 

The margin is relatively sediment starved, with acoustic basement overlain by Meso-

zoic-Cenozoic post-rift sediments up to 3 km thick (Whitmarsh et al. 1990a), and can 

be divided, from north to south, into several distinct regions: Gahcia Bank, the southern 

Iberia Abyssal Plain (SIAP), the narrow Estremadura Spur and the Tagus Abyssal Plain 

(Fig. 1.6). The margin has experienced several stages of extension—in the late Triassic 

to early Jurassic, during the Jurassic as recorded in the Lusitanian Basin in south west 

Portugal and the latest starting in the early to mid Cretaceous (Pinheiro et al. 1996). 

^°Ar/^^Ar dating of plagioclase suggests that the closure ages of the plagioclase become 

more recent from south to north (Feraud et al. 1996), consistent with the proposition 

that the proto-Mid-Atlantic Ridge propagated from south to north separating West 

Iberia from Newfoundland (e.g., Whitmarsh et al. 1993). 

Continental breakup between Newfoundland and Iberia was preceeded by ~10 m.y. 

of extension (Whitmarsh et al. 2001a; Minshull et al. 2001) during which a distinct 

region formed between the seaward limit of tilted and continental fault blocks and the 

landward limit of true oceanic crust. This region, in which the acoustic basement is 

serpentinised peridotite and mantle rocks, will be described later (Section 1.6.2). 

Steep, westward dipping normal faults are observed beneath the continental rise and 

slope of the West Iberia margin, leading to tilted fault blocks being identified (Boillot 

et al. 1989; Pickup et al. 1996; Dean et al. 2000). Further ocean ward, where the 

continental crust thins to < 7 km, the faults are shallower and listric (Dean et al. 2000; 

Pickup et al. 1996; Whitmarsh et al. 2000). ODP drilling of these blocks has shown 

them to be capped by Tithonian (~146 Ma) shallow water sediments, indicating that 

the crust is therefore continental (Whitmarsh & Wallace 2001). 

Within the SIAP, few low angle intra-basement faults have been imaged and deep 
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Figure 1.6: The West Iberia Margin showing the location of Galicia Bank (GB), Es-
tremadura Spur (ES), the Tagus Abyssal Plain (TAP) and the southern Iberia Abyssal 
Plain (SIAP). ODP drillsites are shown as white dots, and the study location is shown 
as the box. (a) Satellite Gravity (Sandwell & Smith 1997) with bathymetric contours at 
1000 m intervals (thin white hues); (b) Reduced-to-the-pole magnetic anomalies (Miles 
et al. 1996); the dashed white line marks the location of the J-anomaly. 

penetrating landward dipping faults are only occassionally observed (Pickup et al. 

1996). A comparison of the SIAP with a region in the Alps has been made (see Wilson 

et al. 2001b), and a surface was interpreted to be a paleo-basement surface representing 

the footwall of a series of low angle mantle faults (Manatschal et al. 2001). This surface 

was shown to be formed of pre-rift lower crust al rocks, underplated in the Late/post-

Hercynian time (270±3(±la) Ma), and deformed at 0.6-0.8 MPa before cooling and 

exhumation at the seabed (<137 Ma; Manatschal et al. 2001). The similarities between 

the Alpine region and the SIAP lead Whitmarsh et al. (2001a) to suggest that the 

ZECM formed by exhumation on concave-downward faults shortly before the onset of 

seafloor spreading. 

These low angle faults cut ear her, higher angle, normal faults formed during the 
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initial continental extension and crustal thinning (Whitmarsh et al. 2001a). Mantle 

rocks were exhumed along these faults. Plagioclase samples at ODP Sites 900 and 1067 

show identical ages of cooling (137 Ma), thus these samples were exhumed and cooled 

simultaneously at this time. The earliest seafloor spreading anomalies indicate that 

seafloor spreading began at about 128-125 Ma (Russell k Whitmarsh 2003), thus the 

exhumation of the mantle occurred after the initial extension and before the onset of 

seafloor spreading. 

The oceanic crust adjacent to the margin was largely formed during the Cretaceous 

Magnetic Quiet Period (Srivastava et al. 1990) and is not disrupted by any identified 

major fracture zones. Prominent features along the margin include a high amphtude 

magnetic anomaly, which is referred to as the J anomaly (Fig. 1.6b), and a segmented 

peridotite ridge which extends about 350 km south from west of Gahcia Bank into the 

SIAP (Boillot et al. 1979a; Beslier et al. 1993; Whitmarsh &: Sawyer 1996). Dredging 

and ODP drilling have shown that the ridge is made up of serpentinised peridotite (e.g., 

Boillot et al. 1979a; Whitmarsh &: Sawyer 1996; Whitmarsh et al. 1998). The J 

anomaly is of ^̂ MO age (^118 Ma; Gradstein et al. 1994; Rabinowitz et al. 1979; 

Whitmarsh & Miles 1995). 

The north Atlantic is characterised by relatively high amphtude, ridge-parallel, 

linear sea-floor spreading magnetic anomalies. The earliest anomalies attributable to 

seafloor spreading off West Iberia are visible on deep-tow magnetometer profiles; in 

the SIAP they are of M3 age (^^125 Ma), and locally M5(R) (~128 Ma; Russell & 

Whitmarsh 2003) and are located close to the J anomaly at '^12°30'W (Whitmarsh & 

Miles 1995; Whitmarsh et al. 1996a). More than 100 km landward of the J anomaly, 

the chart of Miles et al. (1996) reveals weak linear anomalies parallel to the margin 

(Fig. 1.6), which Whitmarsh & Miles (1995) suggested were unlikely to have a seafioor 

spreading origin. Srivastava et al. (2000), however, suggested, after comparison with 

magnetic profiles from the Sohm and "Africa" (Seine) Abyssal Plains, that these weak 

magnetic anomalies were due to ultraslow seafioor spreading with a variable rate and 

intensity of magnetisation starting at M20. However, Whitmarsh et al. (2001b) showed 

that the magnetism in the SIAP was more likely to have been formed by dykes in the 

crust, or just below the Moho, and that a N010°E trending anomaly continued into 

the region identified as extended continental crust, based on its seismic velocity profile, 

thus suggesting that the anomalies were not related to seafloor spreading but could be 

related instead to the syn-rift stretching. 
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Details of the post-rifting tectonic history of the West Iberia margin are given in 

Section 5.2.1 and the events are related to the observed patterns of sediment deposition 

in Chapter 5. 

1.6 Prev ious Work on t h e West Ibe r i a marg in 

The West Iberia margin has been extensively studied by a variety of geophysical and 

geological techniques. The findings of these studies relevant to this thesis will be dis-

cussed here in terms of the identified segmentation of the margin—Galicia Bank, the 

Southern Iberia Abyssal Plain and the Tagus Abyssal Plain. 

1.6.1 Galicia Bank 

Galicia Bank (GB) is a region of elevated continental crust rising to about 600 m below 

sea-level, more than 3000 m above the surrounding abyssal plains. GB is separated from 

the Iberian Peninsula by the Galicia Interior Basin (Murillas et al. 1990). The surface 

of GB was dredged and photographed in the early 1960s which revealed exposures of 

uncemented limestones of Cretaceous to Eocene age (Black et al. 1964). The results 

of seismic refraction work showed that these limestones could be deposited on more ce-

mented limestones, an observation which was interpreted as suggesting that GB formed 

by the gradual subsidence of continental rocks (Black et al. 1964). 

West of GB, a dense network of seismic reflection and refraction profiles has been 

acquired. Seismic reflection profiles were collected in two experiments by a consortium 

of Pr-ench Universities and the Institut Prangais du Petrole—the Croupe Galice; first in 

1975 (Boillot et al. 1979b) and supplemented with further profiles collected in 1980 

(Mauffret & Montadert 1987). The profiles were concentrated in the region between 

GB and the peridotite ridge, identified to the west with a few extending over the oceanic 

crust of the lAP. 

Seismic refraction profiles were collected, in the same region, as part of the Refra-

marge Cruise in 1987 (Whitmarsh et al. 1996b) and included both margin parallel and 

margin normal profiles. The long margin normal profile was acquired coincident with 

Croupe Gahce profile GPIOI. The results of processing the refraction profiles suggested 

that west of the peridotite ridge, the oceanic crust thickened rapidly from 2.5-3.5 km 

to 6-7 km, comparable to the thickness of the oceanic crust elsewhere in the Atlantic 

(White et al. 1992). East of the peridotite ridge, the region in which tilted fault 

blocks had been identified in reflection profiles was shown to be thinned continental 
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crust (Whitmarsh et al. 1996b). 

The nature of the crust east of the peridotite ridge has been debated over the years, 

and different interpretations proposed. Whitmarsh et al. (1996b) interpreted the crust 

as thinned continental crust; whereas Mauffret & Montadert (1987) interpreted it as 

neither oceanic nor continental. More recently, Henning (2001) identified a change in 

the reflection character immediately east of the peridotite ridge between the latitudes 

42°15'N and 40°50'N. Towards the northern end of their profile, large tilted blocks of 

continental crust were observed, but further south, there was only diffractive basement, 

which was taken to indicate the presence of oceanic crust. Further south, in the SIAP, 

Dean et al. (2000) showed the crust east of the peridotite ridge was neither oceanic 

nor continental, but a transition zone later identified as exhumed continental mantle 

(Whitmarsh et al. 2001a). This interpretation may also apply at the latitudes of GB. 

The peridotite ridge identified west of Gahcia Bank by Boillot et al. (1980) has 

been identified as altered plagioclase-bearing Iherzolite (Beslier et al. 1993). Seismic 

profiles collected over the ridge have shown that the ridge is characterised by very low 

velocities (as low as 3.70 km s~^ at the shallowest point, but increasing fairly rapidly 

with depth) extending to 6-8 km below the seafioor (Recq et al. 1996). These low 

velocities are interpreted as indicating extensive serpentinisation. Below the low velocity 

region, a west dipping transition zone marks the increase in seismic velocities from 7.40 

to 7.65 km s~^ and a peridotite body which is up to 60 km wide and lens shaped 

(Whitmarsh et al. 1996b). 

Further reflection profiles were collected by the Iberia Seismic Experiment in 1997 

(ISE97) on the R/VMaurice Swing (Sawyer et al. 1997). Twelve margin normal seismic 

reflection and seismic refraction profiles and six margin parallel profiles extending south 

from Galicia Bank into the SIAP were shot. Many of these profiles are restricted to the 

continental region of Galicia Bank and the Gahcia Interior Basin (Sawyer et al. 1997; 

Henning 2001). 

The sediments and basement west of GB have been drilled by one ODP leg. These 

legs included sites drilled over basement highs, and were used to identify the origin of 

the continental fault blocks identified on seismic reflection profiles collected over the 

area surrounding the drillsites (Boillot et al. 1979b; Mauffret & Montadert 1987). 

The results of these drilling legs were also used to calibrate the seismic stratigraphy 

determined from the Groupe Gahce profiles (Mauffret & Montadert 1988). 
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1.6.2 Sou thern Iber ia Abyssal Plain 

The nature of the ocean-continent transition in the SIAP has been investigated through 

several geophysical research cruises. In 1986 Cruise 161 on the RRS Discovery (DY161) 

collected four seismic refraction profiles 80-120 km long in the SIAP using a combi-

nation of explosive and air gun sources and digital ocean bottom seismometers (OBS) 

(Whitmarsh et al. 1990a, 1993). Three of these profiles were oriented north-north-east-

south-south-west, roughly parallel to the strike of the margin, and the fourth, collected 

in two parts, was oriented roughly normal to the margin at the western edge of the 

SIAP. 

The profiles were expected to reveal a gradual increase in thickness of the oceanic 

crust from east to west and the margin normal profile was designed to accurately locate 

the ocean-continent boundary. However, this was not found when the refraction data 

from the OBS were analysed using synthetic seismograms and a ray-tracing method. 

Instead, the margin parallel profiles revealed thin crust with a velocity structure more 

similar to the velocity structure of continental crust than the velocity structure of oceanic 

crust. Underlying the thin crust was a layer with velocities about 7.5-7.6 km s~^ The 

most seaward margin parallel profile was neither continental nor oceanic, but resembled 

oceanic crust more than continental crust. The velocity profile of the western end of the 

margin normal profile was found to be close to, but partly outside, the bounds of old 

oceanic crust. The eastern end of the profile was too short for the basement velocity 

structure to be accurately determined deeper than 3.5 km. 

Seismic reflection profiles collected during the DY161 cruise were combined with 

the other available reflection profiles in the SIAP to produce a map of the depth to 

the top basement. A weak lineation at 41°15'N was identified and interpreted to be a 

fracture zone which was referred to as the Figueira Fracture Zone (Whitmarsh et al. 

1990a). Although the identified lineation aligned with the northern termination of the 

J-anomaly, its interpretation as a fracture zone was not convincing and rarely considered 

in later work in the SIAP and the West Iberia margin. A sharp contrast between the 

velocity gradients was noted at the boundary between the upper and lower crust along 

the profiles. The velocity profiles were compared with the velocity structures at aseismic 

or hotspot ridges, and some similarity was noted. While this interpretation cannot be 

ruled out, if the profiles are considered in the light of later work (Dean et al. 2000), this 

contrast is substantially reduced and the basement in the SIAP is not now considered 

to represent thinned oceanic crust. 
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Further reflection profiles were collected by the German Research Vessel Sonne in 

1991 (Roeser et al. 1992) as part of the site survey for an ODP Leg which was drilled in 

1993 (Whitmarsh &: Sawyer 1996). The Iberia Atlantic Margins (lAM) Project collected 

a number of profiles in the SIAP, south of Galicia Bank and the Tagus Abyssal Plain. 

The margin normal, IAM-9 deep reflection profile in the SIAP at 40°20'N revealed a 2 km 

thick seismically unreflective layer at the top of the basement and the velocity structure 

along the profile suggested that the basement could be divided into four distinct regions 

(Pickup et al. 1996; Dean et al. 2000), corresponding to oceanic crust, continental 

crust and two regions representing the transition zone. The transition zone was divided 

into two zones to represent a region of shallower basement with significant rehef, and a 

region of deeper basement with reduced relief. 

More seismic refraction and reflection profiles were collected during cruise 215 of 

the RRS Discovery (DY215) in 1995. Some of these profiles were considered by Dean 

(2000) who determined a detailed velocity model along the IAM-9 deep reflection profile. 

Dean (2000) also considered reflection profiles in the region of the peridotite ridge in 

the SIAP. The velocity model of the IAM-9 profile confirmed the division of the SIAP 

into several zones as described by Pickup et al. (1996) and Russell & Whitmarsh 

(2003)—oceanic crust was identified at the western end of the profile, a continental 

crust al velocity structure was found at the eastern end of the profile, and in between, a 

130 km wide zone of neither oceanic nor continental velocity structure was found. This 

last zone corresponded with the transition zone and was also further divided into an 

elevated region associated with the overlapping, segmented peridotite ridge and a deeper 

region, with a smoother basement topography. The refraction profiles from DY161 also 

fitted with the velocity model from the transition zone. 

The northernmost east-west profiles and easternmost north-south profiles from the 

DY215 dataset were considered by Chian et al. (1999) and interpreted to confirm the 

presence of continental crust in the north-east corner of the SIAP on the basis of the 

velocity structure. 

DSDP Leg 47B drilled one site on the southern flank of Galicia Bank in 1976 (Site 

398, Sibuet et al. 1979). Ten sites located on basement highs along an east-west 

transect nearly 150 km long in the SIAP around 40°40'N, were driUed during two ODP 

legs—Leg 149 in 1993 (Whitmarsh & Sawyer 1996) and Leg 173 in 1997 (Whitmarsh 

et al. 1998). A summary of the findings of the legs drilled in the SIAP is shown in 

Fig. 1,7. 
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Figure 1.7: Summary of the ODP transect at 40°40'N. After ODP Leg 173 Shipboard 
Scientific Party (1998) 

The seismic stratigraphy of the SIAP and the eastern lAP was determined from the 

seismic reflection profiles collected and calibrated on the results of these ODP legs. As 

the legs in the SIAP were drilled over basement highs, DSDP Site 398 on the southern 

flank of Galicia Bank was used to identify the lithology of the deeper stratigraphic levels. 

Surface and deep tow magnetics in the SIAP were presented by RusseU &: Whit-

marsh (2003) and Whit marsh et al. (2001b) who interpreted the observed anomalies as 

indicating the onset of sea-floor spreading at M3 and locally at M4 and M5(R). Previous 

interpretations of the magnetic anomalies as indicating slow seafloor spreading back to 

MIO (e.g., Srivastava et al. 2000) have been discounted because of the identification of 

continental crust in the north eastern corner of the SIAP and the continuation of linear 

anomalies into that region. 

In order to accurately locate the boundaries of the ocean-continent transition, 

Sonne Cruise 75 collected reflection profiles in 1991 (Roeser et al. 1992) and the Iberia 

Atlantic Margin (lAM) project collected seismic reflection and refraction profiles in 1993 

(Banda et al. 1995). The acquisition and processing of these profiles is described in 

Chapter 3 and four profiles from these cruises are interpreted in Chapters 4 and 5. 

1.6.3 Tagus Abyssal Plain 

The Tagus Abyssal Plain is the southernmost segment of the margin and seafloor spread-

ing is thought to have begun earlier here than in the SIAP further north (Pinheiro et al. 

1992, 1996). To match the observed magnetic anomaly pattern, spreading through two 

spreading centres was proposed—an older spreading centre in the east is thought to have 

stopped at about MIO and active spreading jumped to the west at that time (Mauffret 

et al. 1989; Torne et al. 1995). However, the models developed were unable to match 
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the data well, and the magnetic anomalies were reinterpreted to indicate spreading back 

to M20 (Srivastava et al 2000). 

1.6.4 Stre tching Models for West Iber ia 

Various models for the formation of the West Iberia margin have been proposed based 

on the simple shear and the pure shear models described in Section 1.2. No model, 

based only on simple or pure shear, accurately predicts the final configuration of the 

margin or its conjugate—the Grand Banks of Newfoundland—and various combinations 

of these mechanisms have thus been proposed (e.g., Sibuet 1992). 

A prominent feature of the pure shear models proposed was the requirement for the 

existence of a detachment plane to exhume the mantle. Suitable low-angle detachment 

faults have been identified—the S-refiector east of the peridotite ridge west of Galicia 

Bank (Sibuet 1992; Reston et al. 1996) and the Hobby High Detachment in the SIAP 

(Whitmarsh et al. 2000; Holker 2001), and it is now believed that the exhumation of 

the continental mantle that has occurred in the SIAP is the result of movement along 

such detachment faults (Whitmarsh et al. 2001a, Chapter 2). 

1.6.5 Outs tand ing Questions and Prob lems 

A number of questions and problems related to the development of the West Iberia 

margin remain unanswered. These include the initial spreading direction and the iden-

tification of structures and processes which affected the early-formed oceanic crust. 

Following the previous work on the margin, the velocity structure of the SIAP is now 

well understood. Reflection profiles and ODP drilling have assisted in our understanding 

of the composition of the basement in the SIAP and the methods of its formation. 

The location of the ocean-continent transition has been determined—the limit of the 

continental crust as the point after which no tilted fault blocks are observed, and the 

limit of oceanic crust as the peridotite ridge west of Galicia Bank and its continuation 

to the south. The velocity structure and composition of the peridotite ridge has been 

identified although its role in the formation of the margin has yet to be determined. 

The initial stretching direction cannot be constrained as there are no fracture zones 

adjacent to the margin, and this, coupled with much of the oceanic crust west of the 

peridotite ridge forming during the Cretaceous Magnetic Quiet Period means that the 

initial spreading direction cannot be determined. This has implications for the interpre-

tation of structures observed in the seismic reflection profiles and the identification of 
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the conjugate margin. This uncertainty in the initial stretching direction hampers our 

attempts to accurately reconstruct the North Atlantic Region at the time of continental 

breakup. 

1.7 Thesis Out l ine 

This thesis can be considered as being formed of two main parts. The first (Chapter 2) 

considers seismic refraction data collected in the SIAP east of the peridotite ridge. 

The second part of the thesis (Chapters 3 to 5) considers multi-channel seismic profiles 

collected over early-formed oceanic crust in the lAP to the west of the peridotite ridge. 

The location of the profiles studied are shown in Fig. 1.8. 

In order to fully understand the processes involved in continental rifting, both 

margins of a conjugate pair must be studied. Accurate reconstructions of the plate 

geometry from the present back to the time of continental breakup are required to 

determine the current location of each margin, which, in turn, requires a measure of 

the directions of relative motion of the plates with time and the processes active in the 

lithosphere after breakup. The directions of past motion can be determined in oceanic 

crust from fracture zone lineations, however, when those are absent, such as west of 

Iberia, another indicator of the direction is required. 

West of Iberia, there are no fracture zone hneations adjacent to the margin with 

which to constrain the initial stretching direction (Fig. 1.6a). An alternative method 

of determining the direction of the initial stretching is investigated in Chapter 2 to 

address this problem. Azimuthal anisotropy of the f-waves sampling the uppermost 

mantle is shown to exist and the implications of the fast velocity direction determined 

are considered with respect to other geophysical and geological results in the West Iberia 

region. 

Oceanic crust formed away from fracture zones, hotspots and marginal basins has 

a fairly constant thickness and velocity structure irrespective of the spreading rate. 

Where the earliest formed oceanic crust at non-volcanic margins has been investigated 

by seismic methods, it has been shown to be thinner than expected (e.g., Sayers et al. 

2001), possibly due to reduced magma supply as a result of cooling by conduction into 

the adjacent continental crust. 

The similarities and differences between early-formed oceanic crust and normal 

oceanic crust will be evident in the basement sampled by multi-channel seismic reflection 

profiles. Four profiles located over the earliest formed crust are interpreted in Chapter 4 
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Figure 1.8: Map indicating the location of all the profiles stuched in relation to the 
bathymetry of the region contoured at 1000 m. The thicker bathymetric contour is 
4000 m. The peridotite ridge is marked by the triangles and the locations of Galicia 
Bank (GB), Estremadura Spur (ES), the Southern Iberia Abyssal Plain (SIAP) are 
indicated. The boxes indicate the studied areas—between 13°W and 11°W in Chapter 2 
and between 14°10'W and 12°50'W in Chapters 3 to 5. The unlabelled grey lines indicate 
the locations of Lines 2, 3 and 4 collected during cruise DY161. The circles mark the 
locations of the DSDP/ODP drillsites. 

for basement structures and compared to structures observed in profiles collected over 

normal oceanic crust. Satellite gravity anomalies are also considered to constrain the 

depth of the Moho, and the location of an unmapped fracture zone. The issue of 

pseudofaults generated by the northward propagation of Mid-Atlantic Ridge opening 

will also be considered in Chapter 4. 

The sedimentary history in the Iberia Abyssal Plain is presented and discussed in 

Chapter 5. The lithostratigraphy is correlated with the seismic stratigraphy described 

for the SIAP by Wilson et al. (1996), which enables any deformation identified to be 

dated and compared with deformation elsewhere on the margin and with regional events 
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affecting the Iberian Peninsula. In determining the age of the deformation and structures 

observed along the longest margin-parallel profile, further problems were identified in 

explaining the observed pattern of sedimentation. These problems are described further 

and their imphcation on the development of this part of the margin are explained. The 

seismic stratigraphy is then used to infer the uplift history of the margin. 

Finally, the results from the analysis of the basement and sedimentary layers will 

be combined and their imphcations for the reconstructions of the North Atlantic Ocean 

considered in Chapter 6. The potential features that may be observed on the conjugate 

margin are also considered and possible future work is proposed. 

Two appendices are included. The Fortran-77 code developed to investigate the 

azimuthal anisotropy in the SIAP is presented in Appendix A. Plots of the refraction 

data collected during the DY215 cruise to the SIAP in 1995 are presented in Appendix B. 

In summary, this thesis attempts to address four main questions relating to the 

development of the West Iberia continental margin: 

i. Can the initial stretching direction in the SIAP be determined, and if so, what is 

it? 

ii. How 'normal' is the earliest formed oceanic crust? 

in. Do the margin-normal structures give any clues to the effects of northwards prop-

agation of the proto-Mid-Atlantic Ridge? 

iv. What can be learnt about the the uplift history of the margin from the seismic 

stratigraphy in a region of early-formed oceanic crust? 



C H A P T E R 2 

Azimuthal Seismic Anisotropy west 
of Iberia 

2.1 Overview 

This chapter presents the results of a study of azimuthal anisotropy in the zone of 

exhumed continental mantle in the SIAP. The bulk of this chapter was published in 2002 

(Cole et al. 2002). This chapter includes additional material on the initial processing 

of one of the ocean bottom instruments (Section 2.3.1) and more detail on the results 

of applying previously published finite poles of rotation for Iberia (Section 2.5.3). 

2.2 In t roduc t ion 

Accurately determining plate reconstructions back to the time of continental breakup 

requires indications of the spreading directions. Where present, oceanic fracture zones 

provide such an indication, but as shown in Fig. 1.6a, there are no fracture zone hn-

eations adjacent to the West Iberia Margin with which to constrain the initial direction 

of stretching. In this chapter, an alternative method of determining that direction, by 

using azimuthal anisotropy of the uppermost mantle, is considered. 

2.2.1 Anis t ropy of t he oceanic mant le 

P-wave azimuthal seismic anisotropy of the oceanic uppermost mantle was first observed 

by Hess (1964) and later found by many others using seismic refraction techniques 

(Fig. 2.1). In each case, the fast velocity direction was found to be sub-parallel to the 

fracture zones and hence to the inferred relative plate motion. 

22 
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Figure 2.1: Map of global P-wave anisotropy reported in the literature. Arrows indicate 
the direction of the fast velocities and the length of the arrow is proportional to the 
degree of anisotropy observed. 1: Shearer & Orcutt (1986); 2, 6: Hess (1964); 3: 
Morris et al. (1969); 4: Shimaniura (1984); 5: Keen & Barrett (1971); 7, 8: Raitt 
et al. (1969); 9: Forsyth (1975); 10: Whitmarsh (1971); 11; Keen & Tramontini 
(1970); 12; This Chapter; 13: Barruol et al. (1998); 14: Silver & Chan (1988); 15; 
Diaz et al. (1996); 16; Chung (1992); 17; Shor et al. (1973). 

2,2.2 Ansi t ropy of t he continental mant le 

There are fewer pubhshed studies of P-wave azimuthal seismic anisotropy of the up-

permost mantle in continental settings due to the greater problems associated with 

separating anisotropy from the effects of lateral heterogeneity. However, several such 

studies have found a systematic alignment of the fast P-wave velocity direction with 

tectonic structures. A global study of Pn anisotropy in continental regions using re-

gional earthquake sources found that the fast P-wave velocity direction is frequently 

oriented sub-parallel to the strike of orogenic belts, suggesting that the anisotropy was 

primarily the result of the most recent deformation event (Smith & Ekstrom 1999). 

In southern Europe, tomographic inversion of earthquake P„ arrivals has demonstrated 

>5% anisotropy, with the fast velocity direction parallel to the Apennine, Dinaride and 

Hellenide orogenic belts (Hearn 1999). Using the same technique Judenherc et al. 

(1999) reported 5% anisotropy in the Pyrenees, with the fast velocity direction roughly 
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parallel to the trend of the mountain chain. In all the above cases, the fast P-wave veloc-

ity appears to be aligned normal to the direction of maximum compression. The ILIHA 

Deep Sounding Seismic Experiment in south western Iberia (Diaz et al. 1993) found 

anisotropy of about 3%, with the fast direction oriented at 040°. This anisotropy was 

related to the N030°E present day direction of maximum horizontal compressive stress 

by the authors. Most models of P-wave anisotropy in continental rift settings suggest 

that the fast velocity direction should be parallel to the direction of stretching, normal 

to the rift, e.g. Vauchez et al. (2000), although studies in the Rhinegraben of southern 

Germany, have found that the fast P-wave velocity was oriented roughly parallel to the 

strike of the grab en (e.g Enderle et al. 1996; Song et al. 2001). Vauchez et al. (2000), 

examining seismic anisotropy and upper mantle deformation due to continental rifting, 

suggest that some of the anisotropy observed at rifts could be due to the reactivation 

of pre-existing tectonic structures. This reactivation would give fast velocity directions 

which were not necessarily parallel to the stretching direction. 

The above observations from both oceanic and continental uppermost mantle are 

consistent with azimuthal anisotropy due to the systematic alignment or lattice preferred 

orientation (LPO) of olivine and orthopyroxene due to movement of the lithosphere (e.g., 

Francis 1969; Ave-Lallemant & Carter 1970; Bamford 1976; Nicolas & Christensen 

1987). Ohvine and orthopyroxene are the volumetrically dominant orthorhombic min-

erals in the mantle and both are strongly anisotropic (e.g., Verma 1960; Kumazawa 

1969). The a-crystallographic axes of ohvine and orthopyroxene have the fastest seismic 

velocities (9.89 and 8.25 km s~^ respectively) and the 6-crystaUographic axes having the 

slowest velocities (7.72 and 6.92 km s~^; Christensen 1984). When the upper mantle 

flows or is stretched, these minerals tend to become aligned. The anisotropy is con-

trolled primarily by the alignment of olivine because olivine is the dominant mineral, 

has the greater anisotropy (25% compared to 18% for orthopyroxene), and is observed 

to have a greater degree of alignment with petrofabrics (Ben Ismail & Mainprice 1998). 

Laboratory studies of olivine-rich rocks which have undergone deformation show that 

the ohvine 6-crystallographic axes align normal to the schistosity and therefore parallel 

to the maximum compression, and the a-crystallographic axes align parallel to petro-

fabrics inferred to indicate the direction of flow (e.g., Christensen & Crosson 1968; 

Nicolas & Christensen 1987). Such studies have also suggested that the orthopyroxene 

c-crystallographic axes are preferentially aligned in the direction of flow (Christensen 

1984, and references therein). Numerical modelling of high-temperature deformation in 
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the upper mantle (e.g., Tommasi et al. 2000) supports these empirical observations, 

predicting that the olivine a-crystallographic axis should be aligned with the strain di-

rection under a range of pressure and temperature conditions found in the lithosphere. 

Given the anisotropic nature of olivine and its tendency to become preferentially 

aligned in stress fields, and that rifting of continental lithosphere is dominated by sub-

horizontal extension, we may anticipate that it should be possible to use the fast velocity 

azimuth in a zone of exhumed continental mantle to infer the direction of the original 

principal component of horizontal stretching. 

2.2.3 The S IAP 

The seismic anisotropy study in this chapter was carried out on the West Iberia mar-

gin, within an area of the southern Iberia Abyssal Plain (SIAP). The SIAP has been 

divided from east to west into four distinct regions based on geological and geophysical 

observations (Whitmarsh et al. 2001b). These are a region of oceanic crust (region A 

in Fig. 2.2), a region of continental tilted fault blocks (region D in Fig. 2.2), and two 

regions that have neither oceanic nor continental affinities which together were referred 

to as the ocean-continent transition zone and, later, as the zone of exhumed continental 

mantle (ZECM; Whitmarsh et al. 2001a, regions B and C in Fig. 2.2). 

Regions B and C both have similar velocity structures and the main difference be-

tween them is that region B has rougher topography, with north-south aligned basement 

ridges with an average peak to trough amplitude of over a kilometre, whereas region C 

has much smoother topography (Whitmarsh et al. 2001b). Region C has an average 

depth to the top of acoustic basement of '^8 km compared to the average depth in region 

B of '^7 km. 

Regions A, B and D were each sampled by at least one ODP drillsite located along 

the transect at 40°40'N. The SIAP is primarily located to the west of a 350 km long, seg-

mented peridotite ridge first identified by Boillot et al. (1979b), which appears to mark 

the landward edge of the oceanic crust. Dean et al. (2000) identified a near normal 

oceanic crust al velocity structure in this region, and ODP Leg 173 cored serpentinised 

peridotites intruded by gabbroic veinlets and overlain by E-MORB pegmatitic gabbros 

(Shipboard Scientific Party 1998). Region A is characterised by linear basement highs 

and lows which parallel the magnetic anomalies and the current spreading ridge (Whit-

marsh & Miles 1995). Site 1070 was located on an elongate basement ridge 20 km from 

the peridotite ridge and, contrary to expectation, no upper oceanic crust was sampled. 
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Figure 2.2: Depth to basement (mbsl) in the study region with 500 m contours. Sohd 
black hnes show the MCS profiles which were used to calculate the depth to basement, 
thicker hnes show the shooting tracks of RRS Discovery Cruise 215 used for this study. 
The red triangles indicate OBS locations with clear mantle arrivals and the small white 
triangles indicate the location of the segmented peridotite ridge. The larger, white tri-
angles show the location of OBS which were not used by this study because of hardware 
or software problems (see text). The dotted line indicates the edge of the lAP and 
the dashed lines mark the boundaries between the regions A-D (see text) identified by 
Whitmarsh et al. (2001b). 

The degree of serpentinisation of the peridotites was found to vary from 20 to 95%, but 

mainly within the range 70-95% (ODP Leg 173 Shipboard Scientific Party 1998). 

Region D is found in the north-eastern corner of the southern Iberia Abyssal Plain. 

Rotated fault blocks bound by westward dipping normal faults have been imaged by 

seismic refiection profiles (e.g., Krawczyk et al. 1996; Pickup et al. 1996) and inferred 

from the rotation of sediment packages in downhole logs (Basile 2000). Low-angle shal-

low intrabasement reflections have also been seen in the multi-channel seismic profiles 

and are interpreted to be detachment faults, e.g. the H reflector (Krawczyk & Reston 

1995) and, further north west of Galicia Bank, the 8 reflector (Reston 1996). 

A total of six ODP Sites were drilled in region D—Sites 900, 901, 1065, 1067, 

1068 and 1069. At the most landward sites, 901 and 1065, Upper Jurassic (Tithonian) 
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sediments were cored which suggested deposition in a water depth of only a few hundred 

metres. Assuming Airy isostasy and given a lack of evidence for excessive volcanism, 

it was inferred that in Tithonian time, these sites were underlain by shghtly thinned 

continental crust (Whitmarsh & Wallace 2001). Sites 900, 1067 and 1068 were located 

on a north-south basement high (known as Hobby High) and were the only sites to 

provide direct evidence of continental basement rocks. Metagabbro cumulates emplaced 

and sheared in continental crust and exhumed 136 Ma (Feraud et al. 1996) were 

recovered at Site 900 and amphibolite and meta-anorthosite from Site 1067. At Site 

1068, clasts of amphibolite, metagabbro and meta-anorthosite breccia were cored, below 

which was a weakly foliated peridotite, serpentinised up to 99%. Sediments cored at 

Site 1068 included a thin bed of reworked limestone clasts and 10 cm of dark clay 

comparable to the Tithonian sediments of Sites 1065 and 901 suggesting that deposition 

was on slightly thinned continental crust. 

The remaining regions, B and C, are referred to as the ZECM. Velocity-depth 

profiles in the basement indicate that the ZECM is neither oceanic crust nor thinned 

continental crust (Chian et al. 1999; Dean et al. 2000). The velocity profiles in 

regions B and C show a thin uppermost layer (typically < 3 km thick) with velocities 

between 4.0 and 6.5 km s"^ and a high velocity gradient (e.g. 1 s~^); and a high velocity 

lower layer with a velocity around 7.6 km s"^ and a much lower velocity gradient (e.g. 

0.1 s~^). Chian et al. (1999) also inferred from the velocity-depth profiles that the 

degree of serpentinisation decreased with depth. Deep and surface-tow magnetic profiles 

collected in the SIAP (e.g., Whitmarsh & Miles 1995) have been interpreted to indicate 

the presence of gabbroic bodies within the upper 7 km of the serpentinised peridotite 

basement (Russell 1999; Whitmarsh et al. 2001b) and by Srivastava et al. (2000) to 

indicate slow seafloor spreading with a variable spreading rate. 

Two GDP sites located in region B (Sites 897 and 899) cored serpentinised peridotite 

rocks comparable to those sampled off Gahcia Bank and Gorringe Bank (e.g., Cornen 

et al. 1999; Girardeau et al. 1998). Like Site 1070 in region A, these cores yield 

matrix supported serpentinised peridotite breccias. Hebert et al. (2001) and Abe 

(2001), on the basis of isotope geochemistry, suggest that the mantle rocks at Sites 1068 

and 1070, near the eastern and western edges of the ZECM, have a sub-continental or 

supra-subduction zone origin, and thus could be similar to the mantle under the Iberian 

peninsula. Manatschal et al. (2001) conclude that the mafic cores from the Sites on 

Hobby High are of late Hercynian age, were emplaced in the lower continental crust 
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and experienced ductile shearing at middle to lower continental crustal depths. For the 

above reasons, it is inferred that regions B and C represent exhumed sub-continental 

mantle. A striking feature of the seismic reflection profiles across the ZECM is the 

presence of a 1.0 to 2.5 km thick, seismically unreflective, upper basement layer which 

has been imaged on profile IAM-9, between roughly 10°47'W and 12°5'W, and has been 

interpreted to be serpenitinised peridotite—an indication of mantle exhumation during 

the formation of the margin (Pickup et al. 1996). 

2.3 D a t a 

2.3.1 Acquisition 

The study presented in this chapter used seismic data collected during RRS Discovery 

Cruise 215 (DY215) in 1995. The cruise collected seismic refiection and refraction profiles 

in two legs (Fig. 2.2; Discovery 215 Working Group 1998). The first leg was coincident 

with, and extended, the IAM-9 deep reflection profile collected as part of the Iberia 

Atlantic Margins project (Chapter 3; Dean et al. 2000). During the second leg, nine 

digital Ocean Bottom Seismometers with hydrophones and three orthogonal geophones 

and nine digital Ocean Bottom Hydrophones (ah collectively known here as OBS) were 

deployed and a 12-gun, 6346 in^ airgun array towed at 20 m depth was shot every 40 or 

50 s along profiles principally forming a rectangular grid with 20 km separation (Fig. 2.2). 

Seventeen of the OBS were recovered from fifteen locations and mantle arrivals could 

be picked from the data from twelve of these locations. 

The OBS were a mixture of five different types of instrument—two OBS from Cam-

bridge in deep-water tubes recording a single hydrophone channel on four Sony Walkman 

cassette decks, two OBS from Cambridge in glass spheres with the same electronics as 

the tubes, five Cambridge MiniDOBS recording a hydrophone channel on SCSI hard 

disks, four OBS with hydrophones and three-orthogonal component geophones from the 

Institute of Oceanographic Sciences in Wormley (now at Southampton Oceanography 

Centre) and five OBS with hydrophones and three component geophones from Dalhousie 

University, Canada (Table 1 in Chian et al. 1999). The data from three of the Worm-

ley OBS, W215, W55 and W56 could not be read because the recording system failed. 

Dalhousie OBS A only recorded for one hour between 16:00 and 17:00 on Day of Year 

220 for reasons which are not clear. The only other instrument whose data was not used 

was Cambridge Tube 12 which did not resurface at the end of the experiment. 

Subsequent analysis of data from this experiment (Chian et al. 1999; Dean et al. 
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2000), and results from the ODP drilling (Whitmarsh & Sawyer 1996; Whitmarsh et al. 

1998), showed that the grid fell largely within the ZECM but included some continental 

fault blocks in its north east corner. 

The Global Positioning System (GPS) was used for navigation and shot timing. 

The OBS clocks were set to the GPS clock before deployment and corrected for clock 

drift (~2-3 ms day"^) on recovery. The locations of the OBS were determined by using 

the travel-times of direct water waves for horizontal ranges < 4 km and a water velocity 

of 1.510 km s~^. The final OBS and shot locations were then used to calculate the 

horizontal range and azimuth with respect to geographic north between each shot and 

each OBS. 

MiniDOBS 22(24) 

Upon recovery of this OBS, it was found that the OBS clock had drifted significantly 

from the shipboard GPS clock between the deployment and recovery of the instrument 

(Table 2.1). This drift had to be removed before interpretation was possible. The 

problem was to determine how, why and when the clock had drifted. 

This drift was first noted by Dean (2000), who applied a simple linear corrections 

between two of the instrument crossings when modelling the refraction profiles CAM 132 

(north-south) and CAM138 (east-west), which enabled the data to be successfully mod-

elled. The linear correction could not, however, be extrapolated to match the difference 

between the clocks at the time of instrument deployment, and so Dean (2000) spec-

ulated that an additional offset was caused by a clock jump at some point during the 

deployment of the instrument. 

Dean (2000) noted that the data after shot 10618 at 13:20 on 14th August (Day 

of Year 226) were corrupted and suggested that this could indicate a electrical fault 

which could have also caused a clock jump or change in the drift rate at this time. If 

this were the case, it is not possible to quantify how big a jump there was or at exactly 

what time the clock jumped or whether it did cause a change in the drift rate, as such 

determination requires knowledge of the drift rate. An alternative method was therefore 

required to determine whether there was a clock jump and, if there was, by how much 

it had jumped. I compared the arrival time of the high-amplitude direct water wave 

arrival with the expected arrival time based only on a constant water velocity and an 

estimate of the location of the instrument. This showed that there was a generally 

gradually increasing offset between the expected and picked arrival times rather than a 

clock jump. 
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A possible cause of the observed non-hnear drift could be problems with the battery 

unit in which case the drift rate could be expected to change gradually. The problem was 

how to quantify the drift and determine its rate of change. The arrival time of seismic 

energy at an OBS is dependent on the velocity structure of the medium that the energy 

is travelling through. While the velocity structure of the sediments and crust beneath 

the OBS and between the OBS and the airguns is unknown, the velocity structure 

of the upper few kilometres of the water column was determined from expendable 

Bathy-Thermographs (XBT) which were deployed during the data acquisition cruise 

(Fig. 2.3). Dean (2000) showed that at ranges of less than 3 km, the water column can 

be approximated to a single velocity layer without significant errors being introduced. 

Sound velocity (m/s) 
1550 

E 2000 

Based on S, T values from 
Fuglister Atlas 

m 3000 

linear extrapolation to depth 

Figure 2.3: Water sound velocity derived from XBT deployments in the SIAP 
and extrapolated to depth. The dotted Une represents the average sound velocity, 
1.5124 km s~^ 

In order to quantify the clock drift during the experiment, the direct water wave and 

its first multiple were picked at the instrument crossings and close approaches (Fig. 2.4) 

where the offset between the source and the OBS was < 10 km. These picks were 

then used to calculate the clock drift during the deployment based on the assumptions 

that the location of the instrument was known, the seafioor was flat and at a constant 

depth and the water column velocity could be modelled as a uniform velocity layer— 
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Figure 2.4: Examples of (a) an instrument crossing and (b) a close approach. Every 
10'^ shot used in determining the location and clock drift of the instrument is shown by 
a cross. Symbols and scales between both diagrams are the same. 
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Figure 2.5: Direct water wave and first multiple raypaths as used for determining the 
instrument location and clock corrections. The shots were fired at a depth of 0.02 km 
and the instrument shown here was at 0.004 km above the seafloor, a typical instrument 
height. 

Equations (2.1) to (2.3) and Fig. 2.5. 

The travel-time of the direct water wave arrival at each shot can be expressed in 

terms of the shot-receiver offset x, the water depth z, the height of the OBS above the 

seafloor obsJit, the depth of the shot below the sea surface sht-depth and the water 
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velocity as: 

_ + (z — {ohsJit + sht-depth)Y 
tfi ~i~ ĉorr (2.1) 

and likewise, the travel time for the first multiple can be expressed as: 

+ (3z — {ohsJit + sht.depth)Y 
tm = h tc (2.2) 

where tcorr is the amount by which the instrument clock differed from the reference 

clock at the shot. These equations can be combined so that tcorr can be determined for 

each shot (equation (2.3)). 

# ( ( 2 z — {ohsMt + sht.depth))) +tl~i 
f = ' - Jn ' a m 

2(fd -- fm) I ' ^ 
Although tcorr Can be expected to vary between each of the crossings and near 

approaches, there should not be a significant variation between each of the shots picked 

at each close approach or crossing. The sign of tcorr is such that it would be negative if 

the OBS clock was behind the GPS clock at a crossing, and positive if the OBS clock 

was ahead of the GPS clock. 

The water depth, z, was determined by substitution to produce the observed 

difference between the direct and first multiple arrival times. 

Table 2.1: Calculated clock differences and water depths for M22(24). The echo sounder 
corrected depth at the OBS location was 5.225±0.Q03 km. 

Crossing or Time of Clock Water 
measurement measurement difference depth (km) 

(ms) (-ve = 
behind GPS) 

Pre-deployment 07/08/1995 1&27\06 -501.83 
Crossing 1 09/08/1995 08:18:01 -1815.28 5.218 
Crossing 2 10/08/1995 07:58:01 -2393.45 5.215 
Approach 1 12/08/1995 1&02:01 -3414.32 5.242 
Approach 2 12/08/1995 17:50:21 -3473.14 5.229 
Approach 3 14/08/1995 IL-kLSl -3971.92 5.233 
Post-deployment 17/08/1995 05:04:46 -4283.73 

The best fitting linear and polynomial curves were found by a least squares method 

for the clock differences at each crossing and approach (Fig. 2.6). The fit of the 2"̂ ^ 

order polynomial curve is significantly better than the fit of the straight line through 

the crossings (Table 2,2), and so was used to determine the clock "corrections" which 

needed to be apphed to the data at each shot (equation (2.4)). 
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Table 2.2: Best fitting lines and curves to the observed clock drift of Instrument 
MD22(24). X is the Day of the Year. The F-test indicates that the 95% confidence 
level for these curves being different was 6.16. As the ratio between the variances is 
10.45, these curves are thus significantly different at the 95% level. 
Type Equation Variance Degrees of 

(sees) Freedom 
Linear tcow — 425x t- 92145 12451 4 
Polynomial tcorr = 41.78Z^ -19144^+2.2x10^ 1192 6 
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Figure 2.6: The offset of the clock in the instrument M22(24), relative to GPS time, 
plotted against day of the year, as calculated from the water wave direct and first 
multiple arrivals at crossings and close approaches. The diamonds are the calculated 
times and the soUd line is the best fitting line to those points, and was used to calculate 
the time corrections required at each shot. The dashed line represents the best fitting 
linear relationship between the drifts observed at the crossings and close approaches. 

After applying the time correction to the data, the direct water-wave arrival at 

all offsets was within ~20 ms of the arrival time based on a constant water velocity of 

1.51 km s^^ and the first multiple arrival was within ^120 ms of its expected arrival 

time (Fig. 2.7). As the sample interval of the data was 3.91 ms, the error on the direct 

water wave arrival was only a few digital samples and insufficient to prevent the data 

being used. 

tcorr = 41.783];^ - 19144]; + 2188558 

where x is the day of the year 

(2.4) 

The assumptions in this model are likely to be violated at longer offsets where there 

will be more variation on the seafioor depth and the complex velocity structure of the 

water column leads to more significant errors when compared to a constant velocity 
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Figure 2.7: Examples of the timing error which affected the data recorded by 
MiniDOBS 24. The predicted direct and first multiple waterwave arrivals (circles) misfit 
the data by a few seconds on a crossing and close approach to the instrument (a and b). 
After applying the correction determined by equation (2.4), the data fit the predicted 
direct and first multiple waterwave arrival times (c and d). 

model. However, the corrected data do match the predicted arrival times well enough 

to be included in further analysis. A greater uncertainty was assigned to the picks from 

this instrument during the modelling. 

2.3.2 Modell ing 

In trying to determine the presence of azimuthal anisotropy, a three-dimensional isotropic 

velocity model was constructed based upon previously published one-dimensional veloc-

ity profiles in the SIAP and with interfaces representing the seafioor and the acoustic 

basement surface. Evidence for azimuthal anisotropy was sought from the azimuthal 

variation of travel time residuals with respect to this model. 
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A simple model was constructed to determine the approximate range at which up-

per mantle arrivals were expected as first arrivals on the OBS record sections. The 

velocity structure (Fig. 2.8, inset) was one-dimensional with two horizontal interfaces 

representing the seafloor and top basement and based on a combination of the profiles 

for the sediments (Dean et al. 2000, their figure 8) and the mean velocity profile for 

each OBS in the ZECM as a function of depth below the top basement (Dean pers. 

comm. 2000). The depths of the interfaces were chosen to be the average depths in 

the study region. In constructing the model, the geographic coordinates were converted 

to rectangular coordinates on a Universal Transverse Mercator projection. The rectan-

gular X-direction is east-west; and the Y-direction is north-south. The origin of the 

rectangular grid was set to be 40°N, 13°W with values increasing to the east along the 

X-axis and to the north along the Y-axis. 
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Figure 2.8: Travel times calculated from ray-tracing through a simple model with hor-
izontal interfaces at 5.13 km and 7.69 km depth and reduced at 8 km s~^ The inset 
shows the velocity profile used in the model (see text). Points a-f are for reference and 
comparison between the main figure and the inset, (a) is within the basement region 
with low velocities and high velocity gradients; (b) marks the change to higher velocities 
and lower velocity gradient (dotted line in inset); (c) and (d) are regions of intermediate 
velocity and (e) and (f) represent unaltered mantle velocities. 

As can be seen from Fig. 2.8 (inset), the basement velocity profile consists of an 

upper, ~2.5 km thick, region with high velocity gradient ( ^ 1 s"^) and a lower region 
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with a lower velocity gradient (~ 0.2 s~^). The upper, high velocity gradient region 

is interpreted as highly serpentinised mantle (e.g Chian et al. 1999), where alteration 

would obscure any anisotropic signal due to crystal alignment, so this study is restricted 

to rays which sampled beneath this region (point b in Fig. 2.8, inset). This interpretation 

is supported by measurements on the cores from ODP Leg 149, Sites 897, 899 and 900, 

where anisotropy of shear wave velocities was found to increase systematically with the 

intensity of veining and fohation in these cores (Harry & Batzle 1996). The fastest 

velocities were found with particle displacements parallel to the veining or fohation, but 

there was no evidence for anisotropy due to preferred grain orientations. The ODP cores 

sampled only the upper, high velocity gradient, region of the basement. 

Ray-tracing through the above model indicated that arrivals which sampled below 

point b (Fig. 2.8) could be expected at ranges >20 km. Using this range as a guide, and 

assuming an apparent velocity of approximately 8 km s'^, uppermost mantle arrivals 

were identified and picked from each OBS record section using interactive picking soft-

ware. Uncertainties were assigned to each travel time pick, according to the waveform 

recorded and the signal to noise ratio of the picks, and ranged from 20 ms to 80 ms. 

Clear high velocity arrivals were seen in the OBS data to ranges in excess of 40-

50 km (Fig. 2.9). These arrivals show a small difference in arrival time (~ 140 ms at 

40 km range) between the east-west arrivals (Fig. 2.9a) and the north-south arrivals 

(Fig. 2.9b). The seafioor in the SIAP shows little topography and the profiles in Fig. 2.9 

sampled basement at a fairly constant depth, thus the time difference in Fig. 2.9 possibly 

indicates anisotropy of the upper mantle with a higher velocity in the east-west direction. 

A more realistic three-dimensional velocity model of the study area was constructed 

using gridded representations of depth to the seafioor, interpolated from echosounder 

profiles, and to the basement surface, derived from multi-channel seismic (MCS) reflec-

tion profiles (after Discovery 215 Working Group 1998). The same two sediment and 

basement velocity profiles were used as for the one-dimensional model described above, 

but with the profiles independently referenced to the seafioor and basement surfaces 

respectively. Preliminary point-to-point ray tracing with the JIVE3D program (Hobro 

et al. 2003) indicated that the velocities in the basement needed tt) be reduced by 1.2% 

in order to achieve a mean travel time residual of zero. Therefore the velocities were 

adjusted and point-to-point ray tracing with JIVE3D was tried again. Travel-times were 

computed by interpolation between ray emergence points for a uniformly sampled fan 

of rays initiated at each receiver, to within 60 m (half a shot interval) of each shotpoint. 
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Figure 2.9: Examples of the data from OBS M23 at 40°38.4'N, 12°15.6'W (Fig. 2.2) 
reduced at 8 km s~^ and plotted against offset from the instrument. The top panel (a) 
represents data from an east-west (N098°E) profile, and the lower panel (b) represents 
data from a north-south (N008°E) profile. The grey points in each panel are the travel 
time picks made for the orthogonal direction as shown in the other panel. The high 
velocity arrival is clearly visible in each panel to distances of over 50 km. The 1 Hz 
noise observed is cross-talk between the instrument clock and the data channel which 
was a problem with this type of instrument. Plots of the data from the other instruments 
are shown in Appendix B. 

In this way, model travel-times were computed for over 90% of the shots with picked 

times. The remaining < 10% of the picked shots had sparser ray coverage; in principle, 

travel-times could be computed for these points by refining the angular sampling of the 

rays. However, as the sparse ray coverage may suggest low amplitudes for these picks, 

model travel-times were considered less reliable and the picks were not used further. 

As we were primarily interested in determining the existence of seismic anisotropy 

in the ZECM, shots fired from, or recorded at, OBS within Region D were not considered 

in our analysis. The traced raypaths generally lay entirely within the ZECM, although 

a few did sample region A (Fig. 2.10). The small number of rays sampling this region 
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should not, however, significantly bias the overall analysis. 
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Figure 2.10: Plot showing the ray coverage in the zone of exhumed continental mantle 
after removing rays with a source or receiver in region D (see text). Black pixels indicate 
sampling by a large number of rays, greys indicate regions sampled by fewer rays and the 
white regions were not sampled at all (see scale). The dotted hnes mark the boundary 
between the continental tilted fault blocks (Region D) to the north east, and the ZECM 
to the south and oceanic crust (Region A) to the west. The DY215 shooting track is 
shown by the pale grey lines, the OBS locations used in this analysis by fiUed triangles 
and the other OBS locations by open triangles. Geographic coordinates were projected 
onto a Universal Transverse Mercator projection in zone 28 with origin set at 13°W, 
40°1N\ 

Because arrivals were picked from all azimuths at each OBS, the mean travel time 

residual for each OBS was expected to be zero, and so corrected the travel time residuals 

for each OBS by the mean residual of that OBS before attempting to seek evidence of 

the anisotropy. This 'station correction' was found by finding the mean residual for 

each OBS in 30° windows and calculating the mean of the residuals from each window. 

The correction was in the range of -0.15 to +0.23 s and compensated for some small 

systematic errors in the model, principally, the uncertainty on the depth to the acoustic 

basement. 

2.3,3 Analysis 

The first mathematical formulation of azimuthal seismic anisotropy based upon the 

elastic constants of the mantle was derived by Backus (1965). He found that, for small 
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anisotropy, the velocity of waves propagating horizontally in the uppermost mantle (Vp) 

could be expressed as 

Vp = A + C cos 20 + D sin 29 + E cos 46* + F sin 46' (2.5) 

where 9 is the azimuth of wave propagation measured clockwise from north and A = Vq 

and C-F represent combinations of the elements of the elastic tensor. 

Alternatively, if there is an anisotropic layer overlain by isotropic layers, for a given 

distance X and travel time Tq spent in that layer, the average velocity in the layer Vo 

can be expressed as 

Vo = ^ (2.6) 
0 

A small azimuthally dependent time perturbation AT{9) would perturb the velocity 

(V(»)) as 

X 
vm = 

To + AT(e) 
X 

T„(l + 
To 

If the degree of anisotropy is small (i.e. AT{9) -C To) then 

V( . , . 

and (2.7) 
J-0 

Comparing equations (2.7) and (2.5) and setting 

/I == (2 8) 

we find that 
AT{9) = ai cos 29 + og sin 29 + cos 40 + sin 40 (2.9) 

where 

—HT' 
01 = (2.10) 

.3 ^ ^ (2.12) 

and 84 = 1^7^ 
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The travel-time residuals resulting from the point-to-point ray tracing already de-

scribed were analysed for the presence of azimuthal anisotropy. Accepting that a con-

stant time offset ao could arise due to smah differences between the assumed mean 

velocity model and the true velocity structure, the residuals (St) were fitted to an az-

imuthally dependent curve of the form: 

St = ao + ai cos 20 + Og sin 20 + as cos 40 -f 04 sin 40 (2.14) 

where ai to 04 are defined above. 

Curves of this form were fitted to the data using a least squares approach, using 

a Singular Value Decomposition (SVD) (see Fortran code in Appendix A). The SVD 

technique allows linear equations such as equation (2.14) to be solved reliably by break-

ing the problem down into the matrix multiplication of an m x n matrix with a diagonal 

matrix of n eigenvalues and an n x m matrix. In this case, the matrix of eigenvalues 

represents the coefficients of each component of the azimuthally dependent curve. 

In order to determine the significance of the fitted curves, best fitting curves were 

also fitted for the so-called '20' case where, 

St = ao + ai cos 20 + a2 sin 20 (2.15) 

and for an isotropic velocity, 'no-anisotropy' case: 

St = ao ( 2 . 1 6 ) 

The 20 case was included in the analysis because previous authors, e.g. Raitt et al. 

(1969) and Francis (1969), had found that in oceanic settings, the contribution from 

the 20 terms in equation (2.14) was considerably greater than the contribution from the 

40 terms. Song et al. (2001) also found that for the continental upper mantle beneath 

Germany there was no need to include the 40 terms as they did not improve the data 

fit significantly although including both the 20 terms and the 40 terms did reduce the 

variance between their predicted and observed times. 

In order to determine the variation of azimuthal anisotropy with depth, the travel-

time residuals were binned according to shot-receiver offset. The depth of penetration 

into the region below point b (Fig. 2.8) was estimated for each range bin by finding the 

depth of the turning point of the ray emerging at the centre of the range bin in the 

one-dimensional model described above. 

The one-dimensional model, used to estimate the depth sampled by the rays and the 

travel time expected for a certain range, was used to estimate the distance rays travelled 
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through the basement, Xq. This distance was found from the traced ray paths by finding 

the positions at which the rays dropped below, and emerged above, the velocity gradient 

change (point b. Fig. 2.8) then calculating the length of the ray path between the two 

points. The travel time associated with the raypath through the upper mantle was 

calculated from this distance by dividing by Vc,. Hence, from equations (2.5), (2.8) and 

(2.10) to (2.13), it was possible to determine expressions for the minimum {vmin) and 

maximum {vmax) velocities: 

'^max ~ (^0 + 2(ai cos 26fast + ^2 Sin 29fast + <23 COS 4:9fast + 0,4 sin 40/ast)^ (2.17) 

'^min — ^ + 2(ai COS 29slow + <^2 29slow + Gg COS 4:9slow + O4 Sin 4:9slow)^ (2.18) 

9slow and 9fast denote the azimuths of slow and fast velocity respectively, determined 

by finding the azimuths with a maximum or minimum travel-time residual using the best 

fitting curves (equation (2.14)). 

The degree of anisotropy in each range bin was determined from the minimum, 

maximum and average velocities predicted by applying the formula; 

degree of anisotropy(%) = . 200 (2.19) 

'^max '^min 

The uncertainties in ai,..4 were estimated using the travel-time uncertainties based 

on the scatter of the data from the final fitted curve. The uncertainties in the fast 

velocity direction and the degree of anisotropy were computed based on the relationship 

between these quantities and ai,..4. The uncertainties on the calculated travel-time 

residuals were used to weight the travel-time residuals when determining the best fitting 

curves, thus those data with higher uncertainties had a reduced influence on the curve 

fitted. The inclusion of all the uncertainties highlighted below in the curve fitting 

did not significantly change the best fitting curves compared to the curves found by 

including uncertainties based only on the picking, however, the uncertainties on the 

curve parameters and fast velocity directions increased shghtly. 

2.4 Resu l t s 

The time residuals in each range bin are shown in Fig. 2.11, plotted against the azimuth 

between source and receiver. Because rays travelling in opposite directions along the 

same raypath are expected to have the same travel time, azimuths are only shown in 

the range 0°-180° with azimuths between 180° and 360° mapped back into this range 

by subtracting 180°. The parameters of the best fitting curves, and the fast velocity 
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directions determined by finding the azimuth at which the residual was a minimum, are 

given in Table 2.3. For each range bin, the uncertainty of each parameter is very much 

smaller than the parameter itself. The fast velocity direction is consistently north-west-

south-east (the weighted mean of the values in Table 2.3 is N142±0.5°E). 

The plots of the residual data in each range bin show a considerable scatter which 

is discussed further later. At the longer offsets, the data show noticable trends to a 

negative residual value at N130-150°E. Similar trends may be present in the shorter 

offset panels, but are less readily seen. 

To test the statistical significance of the fitted azimuthally dependent curves, the 

variances of the curves fitted according to equations (2.14) and (2.15) were compared 

to the isotropic case (equation (2.16)) using an F-test. The results given in Table 2.4 

show that all the curves involving 46' terms are significantly different from the isotropic 

velocity curves with > 95% probabihty and that the inclusion of 46, as well as 26, 

terms also leads to a more significant fit at the 95% probability level for each of the five 

range bins. These results confirm the existence of anisotropy in the upper mantle. The 

improvements in the variance between the observations and the fitted curves (isotropic 

and 4:6 anisotropic) for each range bin are also given in Table 2.4. For each range bin, 

there is a reduction in the variance when the anisotropic terms are considered. This 

reduction is systematically greater in the longer range bins. 

Although scatter in the travel-time residuals can be reduced by assuming an az-

imuthally anisotropic velocity in the basement and by including the topography of the 

basement and seafioor interfaces in the velocity model (Fig. 2.12), Fig. 2.12d shows that 

even when these factors are accounted for, some scatter remains in the data. Readily 

quantified sources for this scatter are the arrival time picks, calculating the basement 

depth, gridding the basement and ray tracing through the model. The greater uncer-

tainties come from the conversion of basement two-way time picks from MCS profiles to 

depth, and from fitting a surface to these depths by interpolating between the sampled 

profiles. The uncertainty associated with interpolating between profiles was estimated 

by comparing the depth calculated from the two-way travel times picked from each MCS 

profile, with the depth predicted along the same profile by interpolation of data from 

all the other profiles. 

The estimated contribution of each source of uncertainty is summarised in Table 2.5, 

and the resultant uncertainty obtained by taking the square root of the sum of the 

squares of each is ^^200-250 ms, which is far greater than the standard deviation of 
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Table 2.3: Best fitting curve parameters (equation (2.14)) fitted to the travel time residuals and fast 
directions predicted for each of the 5 range bins: 20-25 km source-receiver distance; 25-35 km; 35-
45 km; 45-55 km; 55-65 km. See also Fig. 2.11. Uncertainties in oq. . . 04 and 6fast are shown as the 
standard error of the parameters. 

Range 
[km] 
20-25 
25-35 
35-45 
45-55 
55-65 

d 
QQ [S] ai [s] 0-2 [s] 03 [s] Q4 [S] 

fasti Fast 
direction [°] 

0.007±0.003 
-0.021±0.003 
-0.015±0.003 
-0.005±0.005 
0.036±0.011 

-0.038±0.004 
-0.050±0.004 
-0.038±0.004 
-0.017±0.006 
-0.052±0.016 

0.025±0.005 
0.034±0.004 
0.094±0.005 
0.110±0.007 
0.065±0,015 

0.019±0.004 
0.044±0.004 
0.040±0.004 
0.104±0.006 
0.067±0.012 

0.005±0.004 
-0.006±0.004 
0.022±0.005 
0.031±0.007 
0.057±0.015 

148±3° 
i 4 0 ± r 
144±1° 
139±1° 
147±2° 

f 
I 
I 
I 

cc 
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I 
Table 2.4; Statistical levels (%) at which the variances for the three combinations of isotropy and ^ 
29 and AO anisotropy differ from each other, estimated by F-test, and variance improvements ^ 
achieved by including the anisotropic, AO, terms compared to the isotropic best fit. "20" g 
curves included only the DC term and the 20 terms (equation (2.15)). "40" curves included o" 
the DC term, the 20 and the AO terms (equation (2.14)). NULL curves are of the form of ^ 
equation (2.16). The improvement in the variance was calculated as x 200 where x and § 
y were the variances being compared. 5̂ 

Range No. of "20" "40" "40" Variance [s] Improve-
[km] rays V NULL V NULL V "20" Isotropic Anisotropic ment 
20-25 4852 99 9&99 99.99 0.016 0.015 8.90% 
25-35 4712 9&99 99.99 99.99 0.019 0.016 17.73% 
35-45 4635 9&99 9&99 99.99 0.025 0.019 26.16% 
45-55 2480 9&99 9&99 99.99 0.033 0.017 66.79% 
55-65 694 99 9&99 99.99 0.039 0.030 25.71% 

a. 

I 
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Figure 2.11: Travel-time residuals, after enforcing a mean residual of zero on the resid-
uals at each OBS, plotted against azimuth for each of the range bins, a) Range bin 
20-25 km; b) Range bin 25-35 km; c) Range bin 35-45 km; d) Range bin 45-55 km; e) 
Range bin 55-65 km. The hnes represent the best fitting 46 curves fitted to the data. 
The grey regions indicate the range of the uncertainty on each residual data point. 
Panel (f) contains the same data as panel (d) without enforcing a zero mean residual, 
to illustrate the effects of this correction. Negative travel-time residuals indicate rays 
traveUing in the fast azimuth and arriving earlier than predicted by the isotropic model. 
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the observed scatter (Fig. 2.12d). An additional possible source of scatter, not readily 

quantified from these data, is lateral velocity variations which are unaccounted for by 

the station correction. 

Table 2.5: Summary of the sources and estimated contributions of the uncertainties in 
the travel-time residuals. The resultant uncertainty is the square-root of the sum of the 
squares of the constituent uncertainties. 

Source Contribution 
Picking arrivals 20-80 ms 
Calculating basement depth 150-250 metres, or 90-150 ms 
Gridding of basement 300 metres, or 175 ms 
Ray tracing to within 60 metres 8 ms 
Resultant Uncertainty: 200-250 ms 

The approximate depth into basement corresponding to each range bin was found 

by finding the range of depths of penetration into the basement for the rays in each bin 

using the simple model of Fig. 2.8; the result is summarised in Table 2.6. Anisotropy 

exists at depths of 3.1-6.7 km below the top of basement. Although the average velocity 

generally increases below 3.3 km into basement, the degree of anisotropy does not show 

a systematic increase with depth, and is generally fairly constant. 

Table 2.6: For each range bin, the computed mean depth of penetration into the base-
ment in the simple model (Fig. 2.8), the minimum, and maximum velocities determined 
from the best fitting AO curves (Table 2.3; equation (2.14)), sampled velocity at the 
depth of the turning point of the ray emerging at the mid point of the range bin and 
the degree of anisotropy calculated according to equation (2.19). 

Minimum Velocity Maximum 
Range Depth in Velocity Sampled Velocity Degree of 
Bin [km] basement [km] [km s"i] [km s~^] [km s~^] Anisotropy [%] 
20-25 S.liO.l 7.29 7.50±0.21 7.70 5.5±0.5 
25-35 3.3^:0.2 7.29 7.52±0.21 7.71 5.7±0.5 
35-45 3.8±0.3 7.41 7.55±0.19 7J9 5.0±0.5 
45-55 5.3±1.3 7.62 7.79±0.22 8.07 5.7d:0.5 
55-65 6.7±0.1 7.86 8.00±0.16 8A9 4.1±0.5 

In conclusion, the presence of < 6% azimuthal velocity anisotropy in the ZECM 

at depths of 3-7 km below the top basement has been determined. The fast velocity 

direction is aligned roughly NW-SE. 
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Figure 2.12; All travel-time residuals plotted against range, (a) Assuming an isotropic 
velocity structure and horizontal seafloor and basement interfaces; (b) Assuming an 
isotropic velocity structure and topography on the seafloor and basement surfaces; (c) 
Assuming an anisotropic velocity structure in the basement, with parameters from Ta-
ble 2.3, and horizontal interfaces; (d) Assuming an anisotropic velocity structure in 
the basement, with the parameters from Table 2.3 and topography on the seafloor and 
basement surfaces. The numbers in the top corner of each panel indicate the standard 
deviation of the residuals. 

2.5 Discussion 

The results strongly suggest the presence of 5-6% F-wave azimuthal anisotropy in the 

ZECM beneath the southern Iberia Abyssal Plain. The likely source of the anisotropy 

will now be discussed. Comparisons with mantle anisotropy observed on the adjacent 

Iberia Peninsula and with the spreading directions predicted from published finite rota-

tion poles will be made. Finally, a range of possible tectono-structural explanations for 



Chapter 2: Upper Mantle Seismic Anisotropy west of Iberia 48 

the observations will be reviewed. 

2.5.1 Origin of t he Anisotropy 

It has previously been suggested that the origin of seismic anisotropy could be aligned 

cracks in the crust (e.g., White & Whitmarsh 1984), ahgned melt pockets (Vauchez 

et al. 2000) or the alignment of anisotropic minerals in the upper mantle (e.g., Hess 

1964; Morris et al. 1969). 

There is a large amount of evidence for widespread mantle rocks, often serpen-

tinised, within the ZECM (Whitmarsh et al. 2001a). A 1.0 to 2,5 km thick, seismically 

unreflective, upper basement layer was imaged on multichannel reflection profile IAM-9 

(Fig. 2.2), between roughly 10°47'W and 12°5'W, and was interpreted to be serpentinised 

peridotite (Pickup et al. 1996). The same interpretation, based on wide-angle seismic 

modelling, was reached by Dean et al. (2000). On the basis of isotope geochemistry, 

it has been suggested that the mantle rocks sampled towards the eastern and western 

edges of the ZECM in the SIAP have a sub-continental or suprasubduction zone origin 

(Hebert et al. 2001; Abe 2001), and thus could be similar to the mantle under the 

Iberian peninsula. 

In order to determine the origin of the anisotropy, the depth and timing of the 

formation of the anisotropy need to be estimated or determined. In Section 1.3, it was 

shown that the nature of the deformation mechanism that the lithosphere experiences 

depends on the temperature, pressure and composition, but generally, the shallower 

sections of the lithosphere deformed by brittle fracture, and deeper sections deformed 

by ductile flow. Thus, if the anisotropy was formed at shallow depths, it is reasonable 

to consider that it may have formed as the result of cracks, whereas at greater depths, 

alignment of the mantle minerals, may be more likely. 

Lattice preferred orientation (LPO), alignment, of the olivine forms during the 

initial stretching event and is 'frozen in' after the lithosphere moves away from the 

spreading ridge and cools (Morris et al. 1969). This explanation has been proposed to 

account for the majority of the instances of anisotropy in oceanic settings (Section 2.2.1), 

and has also been applied to continental settings (Section 2.2.2). Aligned cracks have 

been proposed to account for anisotropy in the upper 3 km of the crust and lithostatic 

pressure is expected to prevent cracks remaining open at greater depths greater (e.g., 

Nicolas & Christensen 1987). 

However, the basement in the ZECM is exhumed continental mantle and therefore, 
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while cracks may not have been present before exhumation, they may have formed 

during or after exhumation. Such cracks would however be filled with sediments, and 

the lithostatic pressure induced by up to 3 km of sediments and burial is likely to have 

closed them. Therefore it seems unlikely that the anisotropy is due to aligned cracks in 

the upper basement. 

Despite showing a similar degree of anisotropy to ohvine, (Kern et al. 1997), 

in samples from the Xigaze ophiolite, serpenitine is randomly oriented reducing the 

overall degree of anisotropy (Horen et al. 1996). The presence of serpentine in a 

sample reduces the anisotropy from 6% in fresh peridotites to 1% in the presence of 

70% serpentinisation (Horen et al. 1996). Thus, the observed anisotropy is more 

likely to be the result of the alignment of the ohvine crystals in peridotites which have 

experienced little serpentinisation. While the depth of the anisotropy was determined 

to be 3-7 km below the basement surface now, as the basement is formed of exhumed 

continental mantle, the region sampled was originally much deeper. The yield strength 

curves (Fig. 1.4) show that the mantle deforms by ductile flow at depths of only a few 

kilometres below the Moho, thus, ductile flow is a likely candidate for the deformation 

of the exhumed mantle and the resultant anisotropy. 

Given the depth of the anisotropy (3-7 km below top basement), and the argu-

ments for the presence of upper mantle rocks with in the ZECM, the hypothesis that 

the anisotropy determined by this work is likely to have its origin in the alignment of 

olivine crystals in the upper mantle is preferred. The present day direction of maximum 

principal horizontal compressive stress is also NW-SE in this region (Zoback 1992; 

Jabaloy et al. 2002), but, as described next, the absence of consistency among the fast 

P-wave directions in the upper-most mantle throughout Iberia, suggests the influence 

of present day stress at such depths is negligible. 

2.5,2 Fast Velocity directions unde r t he Iber ia Peninsula 

The fast P-wave velocity direction determined differs considerably from the directions 

found beneath the Iberia Peninsula (Fig. 2.13). There, the fast direction determined in 

the mantle from the ILIHA Deep Sounding Seismic experiment, from a limited sampling 

of azimuths, was 040° in the Ossa Morena Zone, south-west Iberia (Diaz et al. 1993). 

From regional Pn tomography, the fast direction is roughly E-W in the Pyrenees, cor-

responding to the strike and possible 'shear' of that mountain chain (Judenherc et al. 

1999). Smith Sz Ekstrom (1999), using earthquake Pn arrivals, found that the fast di-
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rection at a station in the south-east of the peninsula was north-east-south-west and on 

the east coast, it was more east-north-east-west-south-west. Elsewhere in Iberia, they 

were unable to determine the presence of any anisotropy using this technique. It seems 

likely that the differences between the observed fast direction and the other observations 

could be related to the different extensional history which the uppermost mantle at the 

West Iberia margin has experienced and which led ultimately to the formation of a rifted 

margin there—a reason why the ILIHA experiment (ILIHA DSS Group 1993) focused 

on areas away from that margin. 
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Figure 2.13: Compressional-wave upper mantle anisotropy of the Iberia Peninsula com-
pared with this study. In the Pyrenees (NE Spain), the fast velocity direction is roughly 
parallel to the strike of the mountain chain (Judenherc et al. 1999); and in the Ossa-
Morena Zone, between the dashed lines, the fast velocity direction is parallel to pre-
existing geological structures (Diaz et al. 1993). The pale grey arrows are the direc-
tions and degree of anisotropy found by Smith & Ekstrom (1999)(see text). The study 
area of this work and the fast velocity direction are shown by the box and arrows at 
12°W. The dashed line offshore represents the limit of continental tilted fault blocks. 
The shaded zone indicates the location of the Transfer Fault zone of Sibuet & Collette 
(1991). 

Another difference between the seismic anisotropy observed by this work and on 

the Iberian Peninsula is in the degree of anisotropy. On land, in both the Pyrenees 

(Judenherc et al. 1999) and in the Ossa Morena Zone (Diaz et al. 1993), 3-5% 

anisotropy was observed; whereas in this work, higher values of 5—6% were seen. 
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2.5.3 Ins tan taneous Poles of Ro ta t ion 

Roest k Srivastava (1991) suggest that for the majority of the Cretaceous constant po-

larity interval, Iberia moved as a separate plate independently of the European, African 

and North American plates. Thus the motion of Iberia around the time of break-up 

may not be described as a simple rotation around a single pole between any two of these 

plates. For example, north of Iberia, in the Bay of Biscay, magnetic anomalies A33 

(^75 Ma, Campanian) and A34 (~84 Ma) are observed and indicate the opening of the 

Bay of Biscay after MO time (^118 Ma) (Sibuet & Collette 1991). 

Finite poles of rotation for reconstructing the plate geometry of Newfoundland 

and Iberia at MO and A34 time, calculated by matching magnetic lineations and other 

geological evidence, have been published by Srivastava et al. (1990, 2000), Sibuet & 

Collette (1991) and Olivet (1996). In calculating their poles of rotation, Srivastava 

et al. (1990, and references therein) determined that Iberia moved as part of the 

African plate from late Cretaceous to mid-Eocene time, and as part of the European 

plate since the late Oligocene. A similar feature was also observed by Moreau et al. 

(1997), who predicted fast rotation of an Iberian microplate in the early Cretaceous 

between 132 Ma and 124 Ma (Hauterivian-Barremian on the scale of Gradstein et al. 

1994) following the detachment of Iberia from Europe at 132 Ma. The difference between 

the MO and A34 finite pole reconstructions can be used to estimate the mean direction 

of plate separation for this period and gives a predicted direction roughly east-west 

(99±5°). 

From Fig. 2.14, it is clear that some of these poles of rotation match the magnetic 

anomaly picks better than others. The pole of rotation of Srivastava et al. (1990) 

(Fig. 2.14a) gives a reasonable fit at all latitudes, with a small gap to the north. The 

Anomaly 34 pole of rotation by the same authors gives an excellent fit (Fig. 2.14e). 

The pole of rotation of Sibuet & Collette (1991) for MO time is a reasonable fit, with 

a slightly larger gap between the eastern and western picks (Fig. 2.14b). Sibuet & 

Collette suggested that this gap can be closed by a small rotation of the eastern picks 

about another pole, which corresponds to a "transfer" fault which they include in their 

reconstruction. This fault is discussed in more detail in section 2.5.4. Rotating Anomaly 

34 picks using these authors' pole of rotation for A33o (Fig, 2.14f) shows a reasonable 

match in terms of the overall position of some of the features; although no A34 pole is 

given. Olivet (1996), who focusses on matching geological evidence in the Pyrenees, 

finds poles of rotation which appear to match the picks poorly. The picks match north 
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Figure 2.14; Comparison of reconstructions based on different poles of rotation as ap-
plied to A34 and MO magnetic anomaly picks (Miiller et al. 1997). The dashed lines are 
picks made in the western Atlantic, and the dotted lines are picks made in the eastern 
Atlantic. In each panel, Iberia is fixed and the western picks are rotated to the east, (a) 
MO picks rotated using a pole of rotation for Iberia (IBE) and North America (AMN) 
to MO time at 68.88°N, 15°W (Srivastava et al. 1990). (b) MO picks rotated using a 
pole of rotation for IBE and AMN to MO time at 69.0°N, 16.6°W (Sibuet & Collette 
1991). (c) MO picks rotated using a pole of rotation for IBE and AMN at the time of 
the J anomaly (Barremian) at 76.0°N, 9.4°W (Olivet 1996). (d) MO picks rotated using 
a pole of rotation for IBE and AMN to MO time at 64.71°N, 18.94°W (Srivastava et al. 

2000). (e) A34 and MO picks rotated using a pole of rotation for IBE and AMN to A34 
time at 87.18°N, 57.43°E (Srivastava et al. 1990). (f) A34 and MO picks rotated using 
a pole of rotation for IBE and AMN to A33o time at 83.5°N, 128.6°E (Sibuet & Collette 
1991). (g) A34 and MO picks rotated using a pole of rotation for IBE and AMN to the 

Base Senonian Time (90 Ma) at 87.6°N, 33.2°E (Olivet 1996). The arrows in panels a, 
b and c indicated the instantaneous direction of motion calculated from the difference 
between the A34 and MO finite pole reconstructions with the MO pick at the tail of the 
arrow. All panels are plotted for the same region and at the same scale. 

of 40°N at MO time, but further south, they increase in separation (Fig. 2.14c). At 

Anomaly 34 time, the pole of rotation produces a large gap between the eastern and 

western picks (Fig. 2.14g). The final pole of rotation illustrated (Fig. 2.14d) is by 

Srivastava et al. (2000) and was found by reconstructing reduced-to-the-pole magnetic 

and geological data. This pole gives a poor fit north of 40°N. No one set of these poles 

of rotation matches the magnetic anomaly picks completely, which suggests that the 

motion between Iberia and North America was more complex than a rotation about a 

single pole of rotation during this period. 

The lack of data with which to constrain instantaneous poles of rotation at the time 
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West Iberia broke away from North America makes it difficult to determine indepen-

dently the initial direction of separation. However, directions of relative plate motion 

can be estimated at later times from pairs of finite poles of rotation used to reconstruct 

Iberia to North America (Srivastava et al. 1990; Olivet 1996; Sibuet & Collette. 1991). 

The mean directions of motion between MO and A34 times predicted from these poles 

were also roughly east-west and significantly different from the directions inferred from 

this work (Table 2.3). However, both the MO and A34 magnetic anomalies off New-

foundland and Iberia lack features that can be easily and uniquely matched in plate 

tectonic reconstructions. Therefore, intrinsic uncertainties in the published finite poles 

exist. 

2.5.4 North-west—South-east Trending S t ruc tu res? 

There are a few published and inferred NW-SE trending structures which might suggest 

relative plate motions in this direction and therefore could explain the fast P-wave 

direction observed. Plate motion in a NW-SE direction was suggested by Olivet (1996) 

who stated that there was some evidence for movement of the Iberian Plate in a NW-SE 

direction from unpubhshed magnetic anomalies and structural data. Sibuet & Collette 

(1991) suggested the presence of a NW-SE trending "transfer" fault zone crossing 

the south-western corner of our study area (see Fig. 2.13). This feature was included to 

explain a NW-SE hnear trend found in the magnetic data and a change in orientation of 

structural features near A33o at 44°N, 16°W. Their interpretation requires the existence 

of a ridge-ridge-fault triple junction at A34 time, of which this linear feature is the fault 

component. They suggest that this triple junction moved northwards as the Bay of 

Biscay opened between MO and A33o time, soon after the onset of seafloor spreading 

in the southern lAP (M3 time), and that the direction of motion of the triple junction 

was poorly constrained in current plate reconstructions. The transfer fault represents 

the locus of a point on Anomaly 33o rotated about a pole of rotation in northern France 

and also represents the additional rotation required to match MO picks south of 40°N 

off Iberia with picks south of 44.2°N off Newfoundland. Plate motion parallel to such 

a fault could be the origin of the anisotropy observed by this work. However, while 

this is an interesting possibility for the formation of the anisotropy observed, the lack 

of supporting evidence from later work, particularly in the Tagus Abyssal Plain (e.g., 

Pinheiro et al. 1992) suggests that it is unlikely to be the main cause. Further, the 

change in azimuth of A34 has been explained in different ways by other authors (e.g., 



Chapter 2: Upper Mantle Seismic Anisotropy west of Iberia 54 

Malod & Mauffret 1990) who broke the anomaly up into smaller segments with small 

offsets between them. 

2,5.5 Nor th -wes t -South-eas t St re tching 

As mentioned above, the initial direction of stretching cannot be accurately determined 

from the finite poles of rotation used to reconstruct Iberia and North America at MO or 

A34 time. 

If we assume that stretching did occur prior to MO time in a north-west-south-

east direction, the implications of this stretching direction can be examined (Fig. 2.15). 

The amount of extension in the SIAP has been determined from profiles normal to the 

margin. Dean et al. (2000) found the width of the ZECM in the SIAP was about 170 km 

along the IAM-9 profile; and on the basis of numerical modelling, Minshull et al. (2001) 

determined that there had been about 35 km of extension of the continental crust before 

breakup along the IAM-9 profile. In order to examine the imphcations of stretching in 

a NW-SE direction, we need to generate the combined total of these, about 200 km, in 

the azimuth of the IAM-9 profile. 

If stretching had occurred in a north-west-south-east direction, normal faults ori-

ented north-east-south-west may be expected. The orientations of faults cannot be 

determined in the SIAP due to the relatively wide separation of the multi-channel seis-

mic profiles and the difficulties that introduces when trying to trace faults from one 

profile to another (Pickup 1997). North of the studied area, a denser network of pro-

files on Gahcia Bank enabled the orientation of faults to be determined (Thommeret 

et al. 1988). While there are some faults orientated in the expected south-west-north-

east direction, the majority of the faults are oriented north-south, indicating that the 

dominant direction of extension was east-west (Fig. 2.16). 

To produce a component of 200 km of stretching along the 105° IAM-9 profile, a 

total of 329 km of extension in the NW-SE fast velocity direction is required. This 

would also generate a 214 km component of extension in a north-south direction. If 

the stretching was symmetric on each margin, this would give an overall north-south 

stretching of over 400 km. Comparing the reconstructions of Srivastava et al. (1990, 

2000), Sibuet & Collette (1991) and Olivet (1996), there is a latitudinal variation of the 

relative locations of Gahcia Bank on the Iberian side, and Flemish Cap on the North 

American side, but the differences in location do not exceed 100 km between any of 

these reconstructions. 
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Figure 2.15: Directions of plate motion to the west of Iberia (in an Iberian reference 
frame). Thin lines indicate motion around stage poles of rotation between the MIO 
and MO and between the MO and A34 poles of Srivastava et al. (1990). Thicker lines 
indicate stretching in the fast direction of this work. The hne lengths correspond to 
~ 200 km of 105° extension, which is the total extension estimated from Minshull et al. 
(2001) and Dean et al. (2000) prior to the onset of seafloor spreading at the latitude 

of 40°20'N (the IAM-9 reflection profile; Fig. 2.2). The box indicates the location of the 
study region. Dotted lines indicate the MO and A34 magnetic anomaly hneations (from 
Miiller et al. 1997). 

This hypothesis is backed by suggestions that the palaeostress regime in West Iberia 

at the time of breakup was such that there was NE-SW compression, and extension 

normal to that direction (Jabaloy et al. 2002). These directions were determined from 

measurements of faults and the Plasencia-Alentejo long basaltic dyke, which is oriented 

NE-SW and believed to have been intruded in the early-middle Jurassic (Schemerhorn 

et al. 1978). However, the dyke is closer to parallel to the mid-Atlantic Ridge in the 

central Atlantic and the crustal weakness into which the dyke intruded may have been 

reactivated on at least one occasion (Schemerhorn et al. 1978). 

While it is not possible for us to rule out this hypothesis, there appears to be 

insufficient evidence to support this amount of pre-MO extension in a NW-SE direction. 

2.5.6 R o t a t e d Mant le Rocks 

If we return to the assumption that the initial extension was approximately E-W, the 

observation of a NW-SE fast velocity direction may reflect the result of rotation of 
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Figure 2.16: Rose diagram indicating the distribution of fault orientations on Galicia 
Bank. After Thommeret et al. (1988). The red bars indicate the fast velocity directions 
determined earlier. The scale bar indicates 5%. 

mantle rocks after they acquired the anisotropy during flow conditions. One source of 

such rotation is concave downward faults, similar to the 'roUing hinge' faults of Lavier 

et al. (1999), which have been proposed in the ZECM to explain the exhumation of 

large areas of mantle with relatively low basement relief (Whitmarsh et al. 2001a). 

The apparent fast direction, (j), after an amount of rotation, 9, can be determined from 

equation (2.20), where 00 is the pre-rotation fast direction azimuth measured clockwise 

from north and xp is the fault trend measured clockwise from north and all angles are 

measured in degrees. 

0(9) = 
Tp + tan i(cos 9 • tan (00 + ip)) tan i(cos 9 • tan (0o + "0)) > 0 
180+ •0 + t a n ^(cos0 • tan (00 + "0)) tan ^(cos 0 • tan (0o + '0)) < 0 

(2.20) 

Thus, if the fast direction was initially non-normal to the strike of one or more 

concave downward faults, then the rotation about a horizontal axis of the footwall rocks 

inherent in top-to-the-ocean movement along the fault could result in a change to the 

azimuth of the fast direction (Fig. 2.17). 

This hypothesis suggests, for example, that if the fast velocity direction was initially 

at 105° to the fault strike, e.g. if the strike of the fault was 010° and the fast velocity 

azimuth was 115°, then, after the mantle footwall had undergone 71° of rotation about 
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Figure 2.17: Diagrammatic illustration of the effect of rotation of the upper mantle 
footwall due to movement along a concave-downward fault (Lavier et al. 1999) on the 
fast velocity direction which is represented by the double ended arrows. Upper panels 
indicate a plan view and the lower panels indicate a section through the panel. The 
orientation of the fault shown is consistent with the observed and inferred structures 
described in the text. 

a horizontal axis, the fast velocity direction would become oriented at 130° to the strike 

of the fault plane, which corresponds to an azimuth of 140° (Fig. 2.18). This is close 

to the direction determined by our work. Smaller rotations along the fault are required 

if the fast velocity direction was originally at a larger angle to the fault strike (more 

north-south oriented) and vice versa (Fig. 2.18). 

The basement ridges and magnetic lineations associated with the earliest formed 

oceanic crust to the west of the ZECM have an orientation of NOOO°E—N010°E (see 

Fig. 2.2). The dominant orientation of faults on Galicia Bank to the north is also 

in this range (Fig. 2.16). Thus, if the original fast velocity direction was oriented at 

N100°E, the angle between the fault and the fast velocity direction, ip would be initially 

up to 100°. This would require about 75°of rotation due to the movement along the 

fault. Although such rotations required on the concave-downward faults are large, this 

explanation appears plausible because modeUing of normal faults that initiate at a dip 

of 60°shows that after only 20 km of extension the footwall had rotated past horizontal 

(Lavier et al. 1999). 

Therefore, I conclude that motion along concave-downward faults during exhuma-

tion of the ZECM could have been sufficient to change an initially roughly E-W, margin-

normal, fast direction to the 142° azimuth observed today. 
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Figure 2.18; Change in the direction of the fast velocity vector, relative to the fault 
strike, due to the rotation of the upper mantle footwall during movement along a 
concave-downwards normal fault. During rotation of the mantle footwall, the angle be-
tween the fast velocity direction and the fault changes as indicated by the hnes drawn. 
Lines are shown for initial fast velocity directions of 105°, 120°, 135°, 150°, 165° and 
180°, all measured clockwise from the fault strike. The grey region corresponds to fault 
strike-fast direction angles of 130°-145° which represent angles between the fast velocity 
direction obtained by this work, (142°), and fault strikes between 000° and 015°—the 
range of azimuths of basement highs observed in Fig. 2.2, 

2.5.7 Shear wave Anisotropy 

Seismic anisotropy of the mantle can also be estimated from shear wave splitting (e.g.. 

Silver 1996) and from Love wave and Rayleigh wave dispersion patterns (e.g., Forsyth 

1975; Leveque et al. 1998; Nishimura k Forsyth 1988). In the oceans, these techniques 

often give similar results to P-wave azimuthal anisotropy yielding fast directions sub-

parallel to the trend of oceanic fracture zones. Beneath mountain belts, such as the 

Pyrenees, the fast sphtting direction has been found to have a trend parallel to the strike 

of the orogenic belt (Barruol et al. 1998) and comparable to the P-wave direction of 

Judenherc et al. (1999). 

The DY215 dataset, however, does not contain the required information for accurate 

determination of shear wave splitting. The horizontal components of motion, useful for 

identifying shear wave phases, were recorded by only four OBS in the northern half of 

the grid (DB, DC, DD and DF in Fig. 2.2). If the ratio between the P-wave velocity 
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Figure 2.19: Example of the data from OBS DC at 40°47'N, 12°00'W showing data 
collected from shots fired in a west-east direction reduced at 4.61 km s~^ to illustrate 
the difficulty of making travel time picks for shear waves in the OBS data, (a) vertical 
geophone channel; (b and c) horizontal geophone channels. There are clear P-wave 
arrivals in (a), but the arrivals in the horizontal channels are not clear enough to use. 
The arrows at 5.3 sees in each panel indicate where a shear wave arrival may be expected 
based on a shear wave velocity of 4.61 km s~^ Data from the other instruments are 
comparable to these shown. 

and the shear wave velocity is expected to be l;\/3, the expected time of arrival of the 

shear waves can be estimated by reducing the OBS data by 4.61 km Weak arrivals 

are observed at these expected times (Fig. 2.19), but their amplitudes are insufficient 

for them to be picked with confidence. The observed shear waves probably sampled the 

crust as P-waves and were converted to shear waves in the sediment column. 
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Figure 2.20: Variation of the estimated degree of serpentinisation with depth. ODP 
drilhng found up to 95% serpentinisation in the upper 150 m of the basement (Whit-
marsh et al. 1998) as indicated by the grey bar. The dotted hne indicates the degree of 
serpentinisation predicted from the velocity model of Dean et al. (2000) and foUowing 
the relationship between velocity and serpentinisation found by Miher Sz Christensen 
(1997). The large depth error bar associated with the second deepest point is due to 
the range bin including the triplication point (c) in Fig. 2.8. Velocity/depth data are 
tabulated in Table 2.6. 

2.5.8 The relat ionship between Serpent inisa t ion and f - w a v e 
Velocity 

An empiricahy derived hnear relationship was found by Miller & Christensen (1997) 

between the degree of serpentinisation and the F-wave velocity of serpentinised peri-

dotites from south of the Kane transform zone on the Mid-Atlantic Ridge. If we use this 

relationship and the sampled velocities in Table 2.6 to estimate the degree of serpentin-

isation, then serpentinisation appears to decrease systematically with depth (Fig. 2.20) 

as Dean et al. (2000) observed. 

If the anisotropy arises from the alignment of olivine crystals, the observed degree of 

anisotropy might be expected to decrease with increasing serpentinisation, and therefore 

to be positively correlated with velocity. Fig. 2.21 presents a compilation of the degree 

of anisotropy against the seismic velocity of the upper mantle from seismic refraction ex-

periments and from laboratory measurements of serpentinised peridotites. The degrees 

of anisotropy determined by this study for each range bin, are consistent with, though 

slightly higher than, previous measurements of anisotropy at similar average velocities. 
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These results suggest that there is a correlation between the mean velocity sampled 

and the degree of anisotropy determined. In general, as the mean velocity sampled in-

creases, the degree of anisotropy also increases and thus as the degree of serpentinisation 

decreases, the amount of anisotropy expected increases. 



Chapter 2: Upper Mantle Seismic Anisotropy west of Iberia 62 

80 

Degree of serpentinisation (%) 

60 40 20 
11 

10 

9 1 

8 

7 £ 
•O 
Q . 

!• 
2 
I 
• | 5 

(D 
2 
Q 

4 4 

0 

0 
I 

O Oceanic Mantle 

V Continental Mantle 

• This work 

^ Ophiolite Studies 

4—3+ 

f-OH 
h h^H 

— ) 

I—h^-H 
KH 

4 V K> 

h^H 

h - ^ 

7 8 
Mean velocity sampled (km/s) 

Figure 2.21: Degree of seismic anisotropy plotted against the velocity of the upper man-
tle layer sampled by various experiments. Continental data are from Bamford (1977), 
Diaz et al. (1993), Hearn (1999) and Soedjatmiko & Christensen (2000). Oceanic data 
points are from Chung (1992), Keen & Barrett (1971), Keen & Tramontini (1970), 
Morris et al. (1969), Raitt et al. (1969), Shearer & Orcutt (1986), Shimamura (1984) 
and Shor et al. (1973). Ophiolite data points are from Christensen & Smewing (1981), 
Christensen (1984) and Horen et al. (1996). The inferred degree of serpentinisation is 
shown relative to the top axis, after Miller & Christensen (1997). Error bars are given 
on the velocity and anisotropy values when published or estimated from the data. 
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2.6 Conclusions 

Analysis of the OBS data from the DY215 dataset in terms of azimuthal anisotropy has 

shown that: 

(1). Azimuthal variation of travel times for arrivals in OBS data from the zone of 

exhumed continental mantle in the southern Iberia Abyssal Plain indicates '^5-

6% anisotropy at depths of 3.1 to 6.7 km below the top of the acoustic basement, 

with a fast direction aligned at N142±0.5°E. This direction is inconsistent with 

the directions of extension shortly after the onset of seafioor spreading estimated 

from the differences between published finite poles of rotation. 

(2). At first sight, the fast direction suggests that the initial stretching between Iberia 

and North America was north-west-south-east. This direction is similar to that of 

a transfer fault inferred by Sibuet & Collette (1991) and to the direction motion 

suggested by Olivet (1996). However, this hypothesis is hard to reconcile with 

other observations. 

(3). Rotation of the foot wall rocks along concave-downward faults during exhumation 

of the zone of exhumed continental mantle could have been sufficient to change 

an initially roughly east-west, margin-normal, fast direction to the 142° azimuth 

observed today. 

(4). The degree of anisotropy between 3 and 7 km below top basement is consistent 

with that found by other authors at similar velocities and hence degree of serpen-

tinisation. 



CHAPTER 3 

Reflection Seismic and Gravity Da ta 

3.1 Overview 

Multi-channel seismic (MCS) reflection profiles acquired west of Iberia have revealed 

much about the structure of the margin. Regions of differing basement topography have 

been identified in the Southern Iberia Abyssal Plain (Pickup et al. 1996; Whitmarsh 

et al. 2001b), low angle faulting has been imaged in the same region (e.g., Manatschal 

et al. 2001) and the reflective nature of the basement surface has been determined 

(e.g., Pickup et al. 1996; Henning 2001). While profiles have been acquired west of 

the margin-parallel peridotite ridge, less work has been done in this region. 

In this chapter, the acquisition of five, and the processing of four, multi-channel 

seismic reflection profiles is described. Analysis of the structures and other features 

seen in the oceanic crust and the results of modelling satellite free-air gravity anomalies 

will be described and discussed in Chapter 4, and the sediment layers, structures and 

features observed in the sediment column will be described and discussed in Chapter 5. 

The seismic profiles considered in this thesis were recorded as part of the Iberia Atlantic 

Margins project (Banda et al. 1995) in 1993, Sonne Cruise 75 (Roeser et al. 1992) in 

1991 and during the Lusigal Cruise of the R/V Le Suroit (Boillot 1990) in 1990. 

3.2 Reflect ion Seismic D a t a Acquis i t ion 

3.2.1 T h e Iber ia Atlantic Margins P r o j e c t Datase t 

The EC-funded Iberia Atlantic Margins (lAM) project (Banda et al. 1995) was designed 

to investigate the structure of the West Iberia margin by collecting a series of coincident 

multi-channel seismic reflection and wide-angle profiles. The profiles collected by the 

lAM project are here referred to as IAM-#, where the # is the profile number. 

The lAM project collected nineteen multi-channel seismic (MCS) reflection profiles 
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west of Iberia (Fig. 3.1 and Fig. 3.2) in order to attempt to determine the location of the 

ocean-continent Boundary west of Iberia. Seismic refraction data were collected along 

some of these profiles using Ocean Bottom Seismometers and land seismometer stations. 

The profiles were collected by Geco-Prakla under a commercial contract (Torne et al. 

1993; Banda et al. 1995) in August 1993 using a 7524 in^ airgun array towed at a 

depth of 10 m and a 4.8 km streamer with 192 channels towed at a depth of 15-20 m. 

The acquisition vessel was navigated using the Differential Global Positioning System 

and shots were fired every 75 m on distance. 

After acquisition, the reflection profiles were processed and stacked by Geco-Prakla, 

with 32 fold coverage. Further processing of the IAM-9 proflle was presented by Pickup 

et al. (1996) and Dean et al. (2000). The results of processing the land station 

recorded arrivals from the IAM-11 profile were presented by Gonzalez et al. (1999) and 

profiles from the Gulf of Cadiz were presented by Tortella et al. (1997). 

This thesis presents a combined gravity and seismic investigation of the I AM-10 

profile. The 178 km long I AM-10 profile was recorded to 14 sees two-way travel time 

at a sample rate of 4 ms and no deep water delay. The seafloor along the profile is at 

an approximately constant two-way travel time of 7.06±0.01 sees and the flrst seafloor 

multiple was not recorded. Refraction data were not collected along the I AM-10 proflle. 

3.2.2 Lusigal Da tase t 

The Lusigal cruise collected a total of nearly 2500 km of MCS data along seventeen 

profiles (LG-#, where the # is the profile number) using the French research vessel Le 

Suroit (Boillot 1990) in August 1990. The Lusigal cruise aimed to image the transition 

from continental to oceanic crust west of Iberia and to carry out a site survey of the 

proposed ODP Leg 149 drillsites. Two of the profiles, LG-10 and LG-12, which intersect 

with the IAM-10 profile and a third, LG-11, between the western ends of the LG-10 and 

LG-12 profiles (Fig. 3.2), are considered in this thesis. The source was a two line array 

of eight 80 in^ (1.28 L) water guns towed at a depth of 15 m and fired every 50 m. 

The data were recorded using a 2.4 km long digital streamer with 96 channels and a 

group interval of 25 m towed at a depth of 10 m. For all three of the considered Lusigal 

profiles, the shots were recorded for 8 seconds with a sample interval of 4 ms and a 

variable deep water delay before the start of recording. 

Navigation of the recording vessel was by GPS, but shot point locations were not 

recorded for every shot. Shot point locations for the remaining shots were determined by 
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Figure 3.1: Multi-channel seismic reflection profiles west of Iberia from the lAM project 
(magenta lines), the Sonne-75 cruise (green lines), the Lusigal cruise (red lines), DY161 
cruise (grey lines), Reframarge cruise Line 6 and 8 (Blue hnes near) and the DY215 
cruise (black lines, Chapter 2). ODP/DSDP drillsites are shown by the circles and 
studied profiles are shown by the solid magenta, red and green hnes (see also Fig. 3.2). 
TAP refers to the Tagus Abyssal Plain, ES to the Estramadura Spur, SlAP to the 
southern Iberia Abyssal Plain and GB to Galicia Bank. Bathymetric contours are shown 
at 1000 m intervals and the thick contour is 4000 m. The location of the peridotite ridge 
is marked by the small, filled, triangles. The boxes indicate the regions shown in Fig. 3.2 
and Fig. 3.8. 
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Figure 3.2: Map showing the location and relationships between the stuched MCS pro-
files and other profiles mentioned. The inset shows the shaded bathymetry west of 
Iberia, the box shown indicates the region in the main figure and the line indicates the 
I AM-10 profile. The profiles are labelled at the ends, or along their length for iden-
tification. CDP locations are marked along the profiles by the crosses and labelled to 
the south or east and shot point locations are marked by the circles and labelled to the 
north. Every known shot point (SP) along the LG-10 profile is shown (every 5*̂ '̂  known 
SP is labelled) and every known SP along the LG-12 profile (every 50̂ *̂  known SP 
is labelled). The triangles indicate the location of the peridotite ridge and the grey line 
indicates the location of the J-anomaly. The black dotted line indicates the location of 
the limit of tilted continental fault blocks. The filled circles mark the locations of ODP 
and DSDP drillsites. 

interpolation between known shot point locations along the LG-10 and LG-12 profiles. 

Unfortunately, along the LG-11 profile, although the time of each shot was recorded, 

the shot point locations were not and had to be determined from the paper records of 

the ship track indexed against time. The uncertainties in the shot point locations along 
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the LG-11 profile are consequently greater than along the other profiles. 

3.2.3 Sonne Datase t 

The Sonne-75 cruise was conducted by the Bundesanstalt fiir Marine Geowissenschaften 

und Rohstofi'e (BGR), Germany, in October 1991, and 16 MCS profiles ( S 0 # or S075-#, 

where the # is the profile number) totalhng over 3500 km were collected using the newly 

refurbished German Research Vessel FS Sonne (Roeser et al. 1992). The Sonne-75 

cruise was primarily a test cruise for the recently installed geophysical instrumentation 

and in the process investigate further the crust al structure of the North Atlantic. An 

extract east of 14°10'W of one of these profiles, SO 14, is studied in this thesis. The 

profile intersects the LG-11 and IAM-10 profiles and extends eastwards to cross the J 

anomaly. Some of the other profiles (S015-S022) were collected for, and processed as 

part of, the site survey for Ocean Drilling Program (ODP) Leg 149. 

The profiles were acquired using a 3124 in^ tuned airgun array towed at a depth of 

6 m and a 2350 m long receiving streamer with 48 channels at a group spacing of 50 m 

towed at a depth of 20-50 metres. GPS was again used for navigation and the location 

of each shot was recorded. Shots were fired every 19 sees and recorded for 15 s with a 

sample interval of 4 ms. A ±250 ms random time interval was added between the trigger 

signal and the firing of the airguns to overcome the potential problems associated with 

wrap-around multiples, but no deep water delay was applied. 

3.3 Ref lect ion Seismic D a t a Process ing 

Standard pre-stack processing was applied to all of the MCS profiles. The lAM profiles 

were processed by Geco-Prakla, and I processed two of the Lusigal and one of the Sonne 

profiles using a similar processing scheme. This processing included resampling from 

4 ms to 8 ms to halve the processing time required in subsequent steps and Common 

Midpoint (CMP) binning with the CMP number based on the shot number and receiv-

ing channel number. Resampling the data reduces the maximum (Nyquist) frequency 

observable in the data from 125 Hz to 62.5 Hz. Pickup (1997) showed that the frequency 

of most of the basement reflections along the IAM-9 profile at 40°20' N was in the range 

8 to 24 Hz, so the resampling should not affect our ability to identify and resolve these 

reflections. 

Brute stacks of the Lusigal-10, Lusigal-11 and Sonne profiles were constructed using 

a simple Root Mean Square (RMS) velocity profile which increased from 1500 m s~^ to 
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1700 m in the sediments and increased to 4100 m in the basement, and seafloor 

and basement picks made from a single channel plot of the profiles. Data quality along 

the S014 profile was very good, and along the Lusigal profiles it was generally good. 

The Lusigal profiles, however, were dominated in places by high frequency, dipping noise 

(Fig. 3.3) possibly related to side-swipe from basement highs breaking the seafloor. This 

dipping noise was suppressed by determining and applying an F-K filter at a later stage 

in the processing (Fig. 3.4). 
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Figure 3.3; Example of the high frequency dipping noise on the brute stack of the 
Lusigal-10 profile 

Predictive deconvolution was applied to the profiles to suppress reverberations and 

other short period multiples within the data which could prevent accurate identification 

of primary reflections. Test panels with different deconvolution parameters, together 

with their corresponding autocorrelation functions were used to help select the most 

appropriate prediction lag and operator length. A single window deconvolution function 

was applied to the Lusigal profiles with an operator length of 240 ms and prediction 

lag of 40 ms. The deconvolution function apphed to the SO 14 profile was based on the 

function applied by Pickup (1997) and involved separate windows for the sediments and 

basement, to account for the change in the frequency content below the basement surface. 
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Figure 3.4: The same extract from the Lusigal-10 profile as in Fig. 3.3 after applying 
an F-K filter to remove the dipping noise. 

The operator length in both cases was 224 ms, the prediction lag in the sediments was 

24 ms, and in the basement 40 ms. 

After CMP binning and applying the deconvolution functions, stacking velocity 

analysis was performed interactively in ProMAX at every 200th CMP location. A 

velocity-depth profile was determined every 5 km along the S014 profile, and every 

2.5 km along the Lusigal hnes. The velocity analysis was aided by displays of normal 

moveout (NMO) corrected gathers, constant velocity stacks and RMS velocity semblance 

plots at each analysis location (e.g. Fig. 3.5). 

At each analysis location, the velocity profile within the sediments was considerably 

easier to pick than the profile within the basement. In the sediments, the reflections were 

generally continuous and horizontal, and produced distinct semblance peaks whereas 

within the basement the reflections were often dipping and discontinuous, and produced 

much more 'smeared-out' regions in the semblance plots. Fortunately, however, the 

normal moveout (NMO) of the basement events was very low, and slight inaccuracies 

in selecting the stacking velocities did not significantly affect the quality of the stack 

produced. After completing the velocity analysis, NMO corrections were applied to the 

data, and the data were CDP stacked. 

To enhance the imaging of any crustal reflections in the I AM-10 profile, the data 
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Figure 3.5: Example of a semblance panel and the constant velocity stacks at CDP 
11606 on the LG-10 profile. The semblance panel is shown to the left with the initial 
velocity model shown by the thicker black line. The thin black lines indicate the velocity 
functions used to construct the 8 test panels shown to the right. The white line in the 
semblance panel indicates the picked velocity profile. 

were further bandpass filtered between 5 and 50 Hz, and migrated using a Kirchhoff 

migration which was able to handle lateral velocity variations. A two-dimensional mi-

gration velocity profile was constructed by first applying constant velocity Stolt F-K 

migrations to panels from the profile to give a velocity profile every 500th CDP and 

where there was significant basement rehef. These migration velocity profiles were con-

verted to interval velocities using the Dix relationship (Dix 1955), and the interval 

velocity profiles relative to the top basement reflection were averaged enabling a repre-

sentative velocity profile to be constructed. This constructed velocity profile was 'hung' 

from the top basement reflection and the RMS velocity at regular CDP spacings was 

calculated to determine a full two-dimensional velocity field along the length of the 

profile (Fig. 3.6a). 

The RMS velocity field was constrained to be compatible with the one-dimensional 

wide-angle velocity profiles determined previously on profiles intersecting or adjoining 

the IAM-10 profile. These profiles were Reframarge Line 6 (Whitmarsh et al. 1996a) 

located just to the north of the IAM-10 profile, B.RS Discovery Cruise 161 (DY161) 
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Figure 3.6: (a) Two-dimensional velocity field derived from the constant migration 
velocity panels and one-dimensional velocity profiles determined by other authors on 
profiles intersecting with I AM-10 at the point of intersection and revised as described in 
the text, (b) The velocity field after reducing the velocities at deeper levels as described 
in the text. The reduction in the velocity at depth is clearly shown. The intersecting 
profiles and the velocity 'control' points (red dots) are shown in the top panel. 

Line 4 (Whitmarsh et al. 1990a) which crosses the I AM-10 profile at CDP6125 and the 

I AM-9 profile (Dean et al. 2000) located just to the south of the I AM-10 profile. The 

CAM 127 reflection profile was acquired to extend the IAM-9 profile to the west during 

the first leg of the DY215 cruise which also collected refraction data along the whole of 

the combined CAM127 and IAM-9 profile (Dean et al. 2000). At the location of the 

southern end of the I AM-10 profile, the velocity structure along the IAM-9 profile was 

therefore well constrained and reversed. Line 8 from the Reframarge Cruise was also 

located just to the north of the I AM-10 profile, but, being a roughly north-south profile 

(N014°E), it did not intersect with the I AM-10 profile and gave no new information on 

the depth of the Moho and Layer 2/Layer 3 boundary depths. The velocity field was 

smoothed before Kirchhoff migration was apphed to the original stacked data using it. 
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Migration of the I AM-10 profile with the velocity profile (Fig. 3.6a) produced large 

smiles towards the base of the profile due to over-migration. These smiles are due to 

the assumption in the migration technique that the full waveform exists at all depths 

and were suppressed by reducing the basement velocities by up to 30% (Fig. 3.6b). 

Dipping noise remaining in the profile after migration was suppressed with an F-K filter 

determined by observation from the migrated profile. 

The appearance of the Lusigal and Sonne profiles was improved by applying a 5 -

50 Hz minimum phase bandpass filter followed by a constant, water, velocity migration. 

Large migration artefacts (smiles) were present on the Lusigal profiles after this mi-

gration (Fig. 3.7a) and were largely caused by noisy channels and noise bursts in the 

original data. The noise was removed by removing the noisy channels and applying 

the ProMAX 'Spike & Noise Burst Edit' process. After removing the noisy traces, the 

smiles were generally suppressed (Fig. 3.7b). 
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Figure 3.7: Removal of the migration smiles on the LG-10 profile by applying the 
ProMAX 'Spike k Noise Burst Edit' process, (a) before applying the process and (b) 
after. 

3.4 Grav i ty D a t a 

Shipboard gravity anomalies were not measured during the acquisition of the I AM-10 

seismic data, because the gravimeter was delayed in transit to the vessel, however such 

data are available for a number of ship tracks within the study region west of Galicia 

Bank (Fig. 3.8). The spatial distribution of the shiptracks, however, is insufficient to 

accurately determine the gravity anomalies along the I AM-10 profile, so the readily 
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Figure 3.8: Shiptracks in the region of the IAM-10 profile along which shipboard gravity 
readings were recorded and anomalies calculated. Extracted from the GEODAS Marine 
Trackline Geophysics Database (U.S. National Geophysical Data Center 1999). The 
density of tracks is insufficient to determine the gravity profile along the IAM-10 profile. 
SIAP indicates the location of the southern Iberia Abyssal Plain and GB, the location 
of Gahcia Bank. 

available satelhte gravity free-air anomalies (Sandwell & Smith 1997) were modelled 

instead. 

Sandwell & Smith (1997) showed that satellite free-air gravity anomalies were 

accurate to 3-6 mGal, compared to shipboard gravity anomaly measurements, if the 

shiptrack was approximately parallel to a stacked satellite orbital path, or 4-7 mGal 

if the tracks were not parallel. As the IAM-10 profile and the satelhte paths are close 

to north-south, we would expect the accuracy of the satellite anomalies to be in the 
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Figure 3.9: A comparison of the free-air gravity anomahes along the IAM-10 profile as 
derived by satellite altimetry (solid line) with the shipboard readings from DY161, CD-
64, DY84, DY93 and DY134, Vema cruise 27, leg 7 and cruise 30, leg 12, and Norestlante 
1, Leg 2 shown at their crossing points. The error bars are shown as ±3 mGal as 
described in the text. There is a close match between the shipboard readings and the 
satellite anomalies at most of the crossings, but the readings only match at the DY161 
crossing after correcting for the RMS difference along the shiptrack, and there is a 
^15 mGal difference between the Vema cruise 27, leg 7 shipboard data at the southern 
end of the profile and the satellite anomahes. The Vema data almost match the sateUite 
data if the RMS difference is removed (open square). 

range of 3-6 mGal. It has also been estimated that anomalies must have a minimum 

wavelength of 20 km to be resolved from satelhte gravity data (Sandwell & Smith 1997). 

To confirm whether the satelhte gravity anomaly values were suitable for use, the 

shipboard gravity readings from intersecting profiles were compared to the satellite 

gravity anomalies. The gravity data from several shipboard gravity datasets match 

the satellite gravity anomahes to within a few milliGal as expected, but the data from 

DY161 and from R/V Vema Cruise 30 Leg 12 do not match to within the expected 

uncertainty (Fig. 3.9). 

The difference between the DY161 shipboard gravity readings and the satellite 

gravity anomahes at the crossing points is ~30 mGal. This could have arisen from 

various sources including: instrument problems after the base ties were taken; or the 

use of an incorrect base tie at Lisbon for the shipboard gravity; or an error in the base tie 

value. The difference between the satellite and shipboard free-air anomalies along the 

DY161 ship track is fairly constant at 32.8±4.2 mGal. If the shipboard gravity readings 

are corrected by this amount, the readings matched the satellite gravity anomalies very 
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closely (Fig. 3.9). No problems with the gravimeter were recorded during the cruise 

(Miles, pers comm. 2002; Whitmarsh, pers comm. 2002), and so the likely explanation 

of the difference is an error in the base tie, or the use of an incorrect base tie when 

correcting the shipboard gravimeter readings. 

The difference between the shipboard gravity readings from the Vema Cruise 27, 

Leg 7 and the satelhte gravity anomahes at the intersection with the I AM-10 profile 

is ~15 mGal. There is a consistent difference of 12.1±4.6 between the shipboard and 

satelhte gravity anomalies along the shiptrack of this cruise, and, if the shipboard read-

ings are corrected by this amount, they also match the satellite gravity anomalies closely 

(Fig. 3.9). The differences along the Vema and DY161 shiptracks may have a similar 

origin. 

3.5 S u m m a r y 

• 405 km of seismic reflection data located over oceanic crust formed soon after 

the onset of seafioor spreading have been processed using standard processing 

techniques. 

• Noise has been suppressed by applying the ProMAX 'Spike k. Noise Burst Edit' 

process before stack and F-K migration after stack when necessary. 

• Satellite free air gravity anomalies along the roughly north-south I AM-10 profile 

are within the expected errors with respect to shipboard gravity readings from 

intersecting profiles. 



CHAPTER 4 

Struc ture of the Early-formed 
Oceanic Crust in the 
Iberia Abyssal Plain 

4.1 Overview 

In this chapter, the reflections observed in the basement sections of the multi-channel 

seismic reflection profiles will be considered. These observations and their interpretation 

will be combined with the results of modelling the satellite free-air gravity anomalies 

along the I AM-10 profile in order to answer the following questions: 

• How similar to 'normal' oceanic crust is the crust in the region of early-formed 

oceanic crust west of Iberia? 

• Can we learn anything about the presence of fracture zones which are not observed 

in the satellite gravity and magnetic data? 

4.2 In t roduc t ion 

Continental breakup between West Iberia and the Grand Banks of Newfoundland oc-

curred at about 136 Ma at the latitude of the SIAP, and slightly later towards the north 

(e.g., Pinheiro et al. 1996). Seafloor spreading is thought to have begun soon after 

breakup, and the earliest magnetic anomalies in the SIAP which have been interpreted 

as having a seafloor spreading origin are of M3 (125 Ma). As the Mid-Atlantic Ridge 

propagated to the north, spreading began later at the latitudes of Gahcia Bank than 

west of the SIAP. The J anomaly is not observed north of 41°20'N, so the earliest-formed 

oceanic crust west of Gahcia Bank is younger than MO (^118 Ma). Anomaly 34 (84 Ma) 

is found further west at about 16°30'W. The age of the crust in the region studied here, 

is between 107 and 127 Ma (Miiller et al. 1997) and therefore the crust formed within 
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the first 20 m.y. following the onset of seafloor spreading. This early-formed crust will 

have experienced different thermal and mechanical conditions to normal oceanic crust, 

and these differences will be reflected in the seismic profiles studied. 

Oceanic crust is subjected to extensional and rotational processes during and fol-

lowing its formation at a mid-ocean ridge. Clues to these processes may be found in 

geological and geophysical features within the oceanic crust. Identification of these fea-

tures, therefore, can be a useful technique through which the various processes may be 

interpreted and understood. The aim of this chapter is to identify features in the lAM-

10, LG-10, LG-11 and S014 multi-channel seismic (MCS) profiles which are related to 

the processes active at the formation of the crust, and those that have subsequently 

affected the crust. The interpretation of the features observed in the seismic profiles is 

combined with the results of modelling the gravity anomalies along the 178 km long, 

margin parallel, I AM-10 MCS profile which aids in the identification of a possible step 

in the depth to the Moho, possibly associated with a fracture zone. 

Along previously pubhshed MCS profiles collected over oceanic crust, the top of 

the oceanic basement was taken as the change from the laterally continuous reflections 

of the sediments above and the more randomly oriented, short (5-20 km) discontinuous 

reflections below (e.g., Mutter & North Atlantic Transect (NAT) Study Group 1985; 

White et al. 1990; Banda et al. 1992; White et al 1994; Pickup et al. 1996). 

Sub-horizontal and dipping reflections within the acoustic basement were observed along 

most profiles, and the lower hmit of the reflective zones was used to indicate the location 

of the crust/mantle boundary, the Moho. Along a few profiles, the Moho was marked 

by a strong refiection event. 

The dipping reflections observed in previous studies were either confined to discrete 

parts of the crust, for example the upper, lower or middle crust, or extended through 

some or all of the crust. In the North Atlantic, the reflection events are generally planar 

and sub-horizontal or gently dipping. The average dip of these events, 20-30°, is similar 

on both flow-parallel and isochron-parahel profiles (Banda et al. 1992; White et al. 

1990) and they could often be traced to the basement surface where they form the 

flanks of basement highs. The deeper events often terminate downwards in the lower 

crust (e.g.. White et al. 1994), or at the Moho (e.g., Banda et al. 1992), or sole out at 

the Moho reflections (e.g., McBride et al. 1994; Ranero et al. 1997). 

Several explanations have been proposed for the dipping reflections. White et al. 

(1990), for example, suggested that on flow-paraflel profiles they were normal faults. 
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dipping towards the paleo-Mid Atlantic Ridge, and that on isochron-parallel profiles 

they were faults normal to the paleo ridge. Other suggestions have included magmatic 

intrusions (e.g., Henstock et al. 1996) and out-of-plane energy (Kent et al. 1997). In 

the BIRPS (British Institutions Reflection Profiling Syndicate) OCEAN study area in 

the Cape Verde Abyssal Plain, pairs of oppositely dipping reflections were observed on 

north-south profiles, but when only the near 30 channels of the recording streamer were 

stacked, the southwards dipping events were preferentially imaged. The northwards 

dipping events were therefore interpreted as coming from out-of the plane energy. Some 

dipping events in the same dataset were constrained to the mid-crust al regions and 

could not be traced back to the basement surface and any displacement of that surface 

(Henstock et al. 1996). These were thus interpreted as possibly representing the last 

intrusions of melt at the spreading centre. 

The geological structure of the oceanic crust is known from a few ODP Sites which 

have cored deep enough into the oceanic crust, for example Site 504B on the southern 

flank of the Cost Rica rift (Detrick et al. 1994, and references therein), and from studies 

of ophiolite complexes which are considered to be obducted oceanic floor. Prom these 

studies, the oceanic crust has also been determined to be made up of several layers. 

The uppermost layer is formed from extrusive volcanics—pillow lavas; below the pillow 

lavas is a sequence of intrusive sheeted-dykes and below the sheeted dykes are cumulate 

gabbros. At Site 504B, 571 m of pillow lavas over a 200 m transition zone of mixed 

pillows and dykes has been cored. The sheeted dykes extend through the remaining 

1 km of the hole (Detrick et al. 1994). At Site 504B, Detrick et al. (1994) found 

that the transition between seismic Layers 2 and 3 fell within the sheeted dyke complex 

rather than at a change in the crust al composition. 

The mantle along the previously studied profiles was generally unrefiective, and 

mantle reflections have only been imaged along a few profiles (e.g., McBride et al. 

1994). Reflections below the Moho have also been noted in the north east Pacific from 

profiles crossing pseudofaults resulting from the propagation of a rift through the Juan 

de Fuca plate (Calvert et al. 1990). 

The structure of the oceanic crust west of Galicia Bank, has been sampled by only a 

small number of seismic refraction profiles and multi-channel seismic reflection profiles. 

The refraction profiles of Whitmarsh et al. (1996b) and to a lesser extent, Gonzalez 

et al. (1999), revealed the velocity structure of the oceanic crust and the peridotite 

ridge at a few discrete locations. Although several reflection profiles have extended west 
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beyond the peridotite ridge, and into the oceanic crust, most of the profiles collected 

have been restricted to the region east of the peridotite ridge and to the continental 

crust of Galicia Bank. The profiles which sampled the oceanic crust include the Lusigal, 

Sonne-75 and lAM profiles, some of which are considered in this thesis. 

4.2.1 The Galicia Bank Margin 

The peridotite ridge, west of Galicia Bank (GB), is often taken to indicate the location of 

the limit of oceanic crust, continental breakup and the onset of seafloor spreading (e.g., 

Whitmarsh & Wallace 2001) and the intensity of the magnetisation of the basement 

decreases by an order of magnitude from west to east across it (Boillot et al. 1995). 

West of GB, the first formed oceanic crust has been shown previously to be 2.5-

3.5 km thick, thickening to 7 km within 15-20 km of the peridotite ridge (Whitmarsh 

et al. 1996a). A similar observation was made on the IAM-9 profile at 40°20'N (Dean 

et al. 2000). The I AM-10 profile thus gives us an opportunity to study some of 

the earliest-formed oceanic crust as the I AM-10 profile is located roughly parallel to the 

strike of continental breakup. The east-west profiles intersecting with the IAM-10 profile 

potentially allow the three-dimensional structure at the intersections to be determined, 

and the LG-11 profile, sub-parallel to the IAM-10 profile, will allow comparison between 

the two roughly north-south oriented profiles. 

The age of the oceanic crust west of GB can be dated using magnetic anomalies back 

to A34 (84 Ma) and extrapolating the ages determined west of the SIAP northwards. 

The age of the crust can be determined by linear interpolation assuming a constant 

spreading rate (Miiller et al. 1997) between the A34 and J anomalys, or between the 

A34 anomaly and the peridotite ridge west of Galicia Bank. West of the SIAP, the 

basement highs and magnetic anomalies over the oceanic crust trend at N010-015°E 

(Whitmarsh et al. 2001b), suggesting a spreading direction of N100-105°E, normal to 

this trend. While these features have not been mapped west of Galicia Bank, the A34 

anomaly has a similar trend, and there is no reason to suspect any other orientation. 

The half spreading rate can be estimated as 9-11 mm yr~^ for the period between MO 

and A34 by measuring the distance between the magnetic anomalies along this direction. 

In this chapter, the results of the processing and interpretation of the basement sec-

tions of the multi-channel seismic reflection profiles are presented. The gravity anomalies 

along the longest north-south profile, IAM-10, were modelled to gain further insight into 

the margin parallel features and the crustal thickness along that profile, and the gravity 
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Figure 4.1: Top basement reflection event showing variation in reflection strength along 
the I AM-10 profile. 

anomalies along the other profiles are shown for comparison. Water-loaded subsidence 

along the east-west profiles and the IAM-10 profile has been calculated to demonstrate 

that the subsidence of the profiles is as expected for oceanic crust except for the east-

ernmost end of the section of the LG-12 profile studied. 

4.3 D a t a and Observat ions 

4.3.1 Basement topography and Gravity Anomalies 

After processing the MCS profiles as described in Chapter 3, the top of the acoustic 

basement was generally easy to pick as the base of the continuous, coherent, layered 

reflections in the sediments. The definition of the interface between the sediments and 

the acoustic basement varied along the profiles, from regions where it was well defined 

with a strong discrete reflection to other less well deflned regions (e.g.. Fig. 4.1). 

The basement depth along each profile was determined by following the method of 

Discovery 215 Working Group (1998), with the depths of the seafloor and acoustic base-

ment determined by applying a one-dimensional velocity function based on multichannel 

seismic stacking velocities (Discovery 215 Working Group 1998). The depths predicted 

by this model were not significantly different from the depths predicted by the migration 

velocities determined along the IAM-10 profile (Fig. 4.3) and so this velocity function 

was considered appropriate here. A surface was fitted to the basement depths along the 

profiles using the method of Smith & Wessel (1990), with the tension parameter (T) 

set to 0.3, and gridded at a 0.5' node spacing to construct a map of the basement relief 

(Fig. 4.2). Locations more than 10 km from a reflection proflle were considered to be 

less well constrained, and so not included in the final map of the region. 

The fitted basement surface shows roughly hnear, approximately north-south base-
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Figure 4.2: (a) Gridded basement relief in the intersections between the southern end of 
the IAM-10 profile, the S014 profile and the LGIO, L G l l and LG12 profiles. Regions 
more than 10 km from a sample point on a shiptrack are left unshaded. Interpreted 
basement ridges are indicated by the red lines, and troughs by the blue hnes. GDP 
numbers are shown for the IAM-10 and LG-11 profiles to the east of the lines, and for 
the LG-10 and S014 profiles to the south. Shot point numbers for the LG-12 profile are 
shown on the north side of the hne. (b) Free-air gravity anomalies of the same region 
(Sandwell & Smith 1997). (c) Reduced-to-the-pole magnetics of the same region (Miles 
et al. 1996). The dashed white line indicates the J anomaly. 
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Figure 4.3: Depths predicted by the one-dimensional velocity function based on multi-
channel stacking velocities (dots) and the I AM-10 migration velocities (shaded region). 

ment ridges which can possibly be traced between the LG-10 and SO 14 profiles in the 

northern half of the area (Fig. 4.2a). The ridges and their corresponding lows have a 

spacing of 13-23 km and show 1000-2000 m relief. The ridges cannot be traced further 

south towards LG-12 because of a lack of MCS profile coverage near 40°50'N. There are 

no corresponding ridges in the satelhte gravity anomalies of the region, suggesting that 

the ridges may be isostatically balanced with the rest of the crust in the region, or that 

any gravity anomaly associated with them has a wavelength too short to be identified 

in the satellite gravity anomaly data used. 

While basement ridges and troughs are inferred and picked, the spacing of the 

profiles does not preclude the possibility that the basement highs along each of the 

profiles are instead isolated 'seamounts'. However, ridge parallel basement highs are 

inferred elsewhere in the Atlantic region (as noted in Whitmarsh et al. 2001b) and so 

this interpretation seems possible. North-south aligned magnetic highs are observed in 

the chart of the magnetic anomalies (Fig. 4.2c) extending between the S014 and LGIO 

profiles, by are clearly not observed extending further south towards the LG12 profile. 

Below the basement surface, dipping and sub-horizontal reflection events were seen 

on all profiles, extending from the surface to ^12.5-13 sees T W T T on I AM-10 and 

10-12 sees TWTT on the other profiles. The basement breaks the seafioor at one point 

along the studied extract of the S014 profile, two points along the LG-10 profile and 

does not break the seafioor along the IAM-10 or LG-11 profiles. 

Two distinct basement regions can be observed along the IAM-10 (Fig. 4.4), LG-10 
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Figure 4.4: Satellite free-air gravity anomalies (top) and basement/seafioor topography 
(below) along the I AM-10 profile. The intersections with other profiles are marked by 
the inverted triangles and the red line in the gravity panel indicates the gravity anomaly 
along the LGl l profile running parallel to the 1AM-10 profile at the points shown. 

(Fig. 4.5a) and S014 (Fig. 4.5b) profiles. North of CDP4200 on IAM-10, the basement 

shows 1-2 km relief and regularly spaced highs and lows, with a wavelength of ^33 km 

whereas south of CDP4200, the basement shows much less relief, only up to 700-800 m, 

and the basement highs and lows are not regularly spaced. On the LG-10 profile, the 

basement has ^500 m of rehef, increasing locally up to 700 m east of CDP12900, and 

1-2 km of rehef, with four regularly spaced basement highs in 27-30 km, i.e. with a 

wavelength 9-10 km to the west. Similarly, the S014 profile shows a western region 

with regularly spaced highs and lows (14-25 km wavelength and 1.3-2.5 km amplitude) 

and an eastern region with no regularly spaced highs and lows (amplitude < 800 m). 

The boundary is at about CDP15750. 

The free-air gravity anomalies along the IAM-10 profile will be considered in more 

detail later, but in general, the anomalies can be divided into two main regions—a 

region with a roughly constant anomaly of '^0 niGal in the north, and a region where 

the gravity anomaly decreases to about - 4 0 mCal over 35-50 km to the southern end 

of the profile. A similar decrease of the gravity anomaly from north to south is also 

seen on profile LG-11 which is located 57-60 km west of the southern end of IAM-10 

(Fig. 4.4). 

The two basement regions along the LG-10 profile can also be observed in the 
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Figure 4.5: Satellite free-air gravity anomalies (top) and basement/seafloor topography 
(below) along the LG-10 and SO 14 profiles. The red lines indicate the age of the 
crust along the profile determined by linear interpolation from the seafloor spreading 
anomalies and extrapolated to the East where necessary (right hand axis; Mfiller et al. 

1997). The blue lines indicate the depth of the crust predicted by the Parsons & 
Sclater (1977) model. The green line indicates the depth of the crust after replacing 
the sediment load with water using a water density, = 1030 kg m~^, sediment density, 
Ps = 2000 kg m"'^ and mantle density, Pm = 3300 kg m~^. 

gravity anomalies along the profile (Fig. 4.5a, top). East of CDP12900, the anomaly has 

a wavelength of about 35 km and an amphtude of 6 mGal, whereas west of CDP12900, 

the anomaly has a much longer dominant wavelength and a larger amplitude. 

The LG-11 profile is too short to show any regularly spaced basement highs and 

troughs, but the basement shows a sinusoidal form with a wavelength of 40 km and 

0.5 km amplitude around a mean depth of 6.4 km. The minimum depth occurs at 

CDP755 (Fig. 4.6a). 

The depth of the basement along the LG-12 profile generally increases gradually 

from west to east (Fig. 4.6b), with a corresponding increase in the sediment thickness. 

The age of the crust along the east-west profiles, LG-10, LG-12 and S014, was deter-

mined by linear interpolation between the A34 and MO magnetic anomalies from seafloor 

spreading and extrapolated east where necessary by assuming constant spreading rates 

(Table 4.1; Mtiller et al. 1997). 
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Figure 4.6: Satellite free-air gravity anomalies (top) and basement/seafloor topography 
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Table 4.1: Summary of the ages of the studied portions of 
the east-west oriented LG-10, LG-12 and SO 14 profiles 

Age of Age of 
Profile eastern end (Ma) western end (Ma) 
LG-10 122 112 
LG-12 140 113 
S014 125 112 

The amount of water-loaded basement depth and subsidence due to age were cal-

culated according to the model of Parsons & Sclater (1977). These calculations showed 

there was no depth anomaly along the LG-10 or S014 profiles, but a 700 m water-

loaded depth anomaly east of SP1400 along the LG-12 profile which could be explained 

by crustal or lithospheric thickness anomalies, or fiexural effects. There is only a small 

gravity anomaly low associated with the end of the studied portion of the LG-12 profile 

(Fig. 4.2b) and further east, the basement shallows into the ZECM (Wilson et al. 

1996). 

Whitmarsh et al. (1993) noted that the crust immediately west of the peridotite 
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ridge was thinner than 'normal' crust formed away from fracture zones, hotspots and 

marginal basins, at only 3-4 km thick. The authors also noted that the crust was 

underlain by material of 7.6 km and that there was a 2.8 km thick layer with Layer 

3 velocities (6.8-7.4 km s~^). The J anomaly crosses the LG-12 profile at about SP1463 

and is thought to have formed within 2 m.y. of the onset of seafioor spreading at this 

latitude (e.g., Whitmarsh & Wallace 2001), suggesting that the oceanic crust between 

the peridotite ridge and the J anomaly formed very soon after the onset of seafioor 

spreading, and is anomalously thin. The depth anomaly determined along the LG-12 

profile is located east of the J anomaly. The model of Parsons & Sclater (1977) applies to 

oceanic crust formed at a spreading ridge and may not be applicable to all of the profiles 

studied here. However, the depths predicted by the model do match with the water-

loaded subsidence calculated along most of the profiles. The apparent depth anomaly 

along the LG-12 profile could be due to the properties, especially the thickness, of the 

crust at the easternmost end being different to those of normal oceanic crust formed at 

mid-ocean ridges away from fracture zones and hotspots. However, if the anomaly were 

due to thickness variations alone, the crust would need to be ^3.5 km thinner. This 

is consistent with the earliest-formed crust being thinner than normal oceanic crust as 

observed along IAM-9 and Line 6 profiles. 

The free-air gravity anomalies along the LG-12 profile generally decrease from west 

to east as the sediments thicken. An ^13 mGal peak is associated with a shallow 

basement high at the western end of the profile, but there appears to be no further 

correlation between the basement relief and the gravity anomaly. 

4.4 Dipping S t ruc tures 

Dipping intrabasement reflections were observed in all the reflection profiles (Fig. 4.8, 

Fig. 4.7^). Along the I AM-10 profile, the reflections were observed to 12 sees TWTT, 

but on other profiles, the dipping reflections were restricted to the upper 1-2 seconds, 

locally up to 3 seconds, below the top of the basement. 

The dipping reflections observed can be divided into two main categories—hnear 

and listric features in the time sections. Each category will be described and discussed 

in turn. Using time sections for interpreting basement structure has its limitations 

and pitfalls. The observed geometry of reflections is influenced by the velocity structure 

above and low velocity zones will lead to late arrivals of seismic energy and high velocity 

'"Fig. 4.7 is on an insert at the back of this thesis 



(a) I A M - 1 0 
N 500 

O 7 
(D 8 

9 - I 

g : : 
14 

• I ' ' • ' ' 

1000 1500 2000 
• ' I 1 1 1 1 1 I 1 1 1 1 1 I I 

CDP 
2500 3000 3500 4000 4500 
• ' I I • . t I . . . . I I 1 . • I I I I I 

5000 5500 6000 6500 7000 
' • ' I t I • . I I I I 1 1 I I 1 . 1 . 1 I I I I 

Rg. 4.15 

Ag. 4.14 Fig. 4.16b 

Fig. 4.17 

I I I I I I I I I I I I I I I M I I I I I I I I I I I I I I 

Lusigal 10 Sonn^-75/14 
11111111111 I I M I I I I I [ I I I I I I M I [ I I I I I I I I I I I I I I I I I 1 i I I I 1 I 

(b ) LG-10 
W 15000 14000 13000 12000 11000 10000 E N 1000 2000 3000 S 

Lusigal 12 
1111 111 I I 111 11111 1111 1111 1111 1111 1111 I 

s 

- 6 
- 7 O 
- R CD 
- 9 05 

- 10 1— 
- 11 1— 
- 12 
- 13 1 -
L- 14 

(c ) L G - 1 1 C D P 

1 . I t . 

8 (D 

Fig. 4.16c 

Fig. 4 . 1 3 -

IAM-10 
I I I I I I I I I M I I I I I I I 

Sonn^-75/14 
I 11111111 1111 11111 

(d) S 0 1 4 
W 13000 13500 14000 14500 15000 15500 16000 16500 E 

I I I I 1 1 I I I I I I I I I 

8 (D (D 8 -

^^oho? Plgr4:12 Fig, 4 , l6d Moho? Fig, 4,16a 

Lusigal 11 

I 15 km I 

IAM-10 
I I I I I I I I I I I I M I I I I I I I I I I I I I I I I I I I I I I I I I I 

Displayed reflections 

Seafloor 
Top Basement 
Intra-basement 
General Sediment 
Mid-Eocene sediment 
Mid-Miocene sediment 
Sediment Unit 3/Unit 4 
Sediment Faults 
Gravity L2/L3 and Moho 

9 
"o 

to 
K 

i 
g 

C/2 

C 
o 

CO 

I 
I 
CL 
0 

1 
o 
p 

% 

Figure 4.8; Line drawings of the IAM-10, LG-10, LG-11 and S014 profiles including the sediments and basement picks. The dotted 
vertical lines indicate the locations of the intersecting profiles, labelled above. The dashed black lines in the IAM-10 profile indicate the 
depth of the Layer 2/Layer 3 and Moho interfaces from the migration velocity model. There is no vertical exaggeration at 6 km s"^ 00 

00 



Chapter 4: Basement Structures in the Early-formed Oceanic Crust 89 

zones will lead to early arrivals. It is also not possible to determine the dip of these 

reflections without distortion due to the velocity structure, and the assumption of a 

constant velocity has to be made when calculating the apparent dip of an event. Depth 

migration of the IAM-10 profile was attempted using the migration velocity field, but 

did not significantly improve the imaging of the reflectors (Fig. 4.9). 

ri -WnVt'l* 

Figure 4.9: top: time migrated extract of the IAM-10 profile between CDP 5000 and 
6500. bottom: depth migrated section between the same CDPs. 

4.4.1 Linear Features 

Linear, dipping features were observed in all the profiles considered and distributed near 

the top of the oceanic crust along all the profiles, and to greater depths along the IAM-

10 profile. The apparent dip and length of the events were determined by measuring 

from the time sections assuming no vertical exaggeration at 6 km s~ \ and their location 

in the crust was recorded. This assumption will lead to an overestimation of the dips 

in the shallow crust, and an underestimation of the dips in the deepest parts of the 

crust. Histograms of the dipping events show that there is a similar number of picked 

events which show apparent dips to the north and to the south, but there are twice 

as many events which show apparent dips to the west compared to the events which 

show an apparent dip to the east when only events longer than 2 km are considered 
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Table 4.2: Event dip statistics 
Number of Dip (degrees) 

Events MeaniSD Minimum Maximum 
Ridge-Normal Profiles 

East dipping 4 24 6 39 
West dipping 8 40 12 60 

Ridge-Parallel Profiles 

North dipping 12 28±11 8 32 
South dipping 9 18±8 12 47 

(Fig. 4.10, Table 4.2). The north-dipping reflections show a tighter distribution around 

a mean dip of 18° compared to the south dipping reflections, which have a higher mean 

of 28°. Applying the F-Test to the variances of the north- and south-dipping reflection 

populations suggests that the distributions of the dips are not significantly different at 

the 95% confidence level. Fewer reflections dipping to the east and west were picked, and 

the distributions do not contain a central peak. Standard deviations were not calculated 

for the east- and west-dipping distributions for this reason. 

Dipping events in the uppermost oceanic crust showing a relationship to the base-

ment relief were observed along the LG-10 and S014 profiles (Fig. 4.11 and Fig. 4.12) 

and events not showing a relationship with the basement rehef were also observed in the 

uppermost oceanic crust (e.g. along the LG-11 profile. Fig. 4.13). These events could 

be related to tectonic features—normal faults or magmatic features—intrusions as de-

scribed by the previous authors mentioned above. McCarthy et al. (1988) suggested 

that dipping lower crustal events could represent cumulate, mafic-ultramafic boundaries, 

dipping towards the ridge axis and recording the location of ancient magma chambers. 

Alternatively, they could represent sill intrusions (McBride et al. 1994; Henstock et al. 

1996). Upper crustal dipping reflections have been interpreted as faults in many lo-

cations (e.g., Banda et al. 1992; Morris et al. 1993; White et al. 1994; Ranero & 

Reston 1999), and the reflections often extend to the basement surface, and the base of 

the flanks of basement highs. While it is possible that the origin of the dipping events 

observed could be such sill intrusions or similar to the reflections of McCarthy et al. 

(1988), the occurrence of the dipping events in the shallow, uppermost crust possibly 

indicates that these reflections are not from such processes. 

Observations near the crest of the Mid-Atlantic Ridge have shown that normal 

faults forming in young crust have dips in the range 30-80°, generally towards the ridge 

(e.g., Searle et al. 1998). Similar results have been found on other Mid-Ocean Ridges 
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Figure 4.10: Histograms of the dipping reflections along the IAM-10, LG-10, LG-11 and 
SO 14 profiles. Only events longer than 2 km are shown. 

(e.g., Minshull & Hall 1997; Huang & Solomon 1988). It has also been suggested that 

once the faults have been formed, they continue to be active or are reactivated as the 

crust ages and moves away from the ridge axis (Mutter &: Karson 1992). The faults 

generally form parallel to the strike of the ridge (Huang & Solomon 1988), but analysis 

of the faults on the obliquely spreading Reykjanes Ridge shows that there, the faults 

have two distinct orientations neither of which is parallel to the ridge or perpendicular 

to the spreading direction (Tuckwell et al. 1998). I suggest that the likely origin of 

the events observed in the reflection profiles is that they are tectonic features such as 

normal faults formed at the ocean ridge during the formation of the crust. 

4.4.2 Curved Reflection Events 

A small number of the dipping events showed a more 'curved' nature in the time 

sections—both concave-down (e.g. Fig. 4.13) and concave-up (e.g. Fig. 4.14). The event 

along the IAM-10 profile shown in Fig. 4.14 appears to be either a dipping reflection 

possibly related to the basement relief, which curves round into a more sub-horizontal 
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Figure 4.11: Dipping reflections near the top of the basement along profile LG-10, which 
show a relationship with the basement relief. The westernmost dipping reflection shows 
an apparent dip of 43°, while the easternmost reflection shows an apparent dip of 46°. 
There is no vertical exaggeration at 6 km s~^. 

attitude at 9.7-9.8 s TWTT, or a dipping reflection which soles out onto a reflection 

dipping gently to the south. 

Similar events have been observed near the Canary Islands in the northern Atlantic 

Ocean (Ranero et al. 1997), and were interpreted as normal faults near the basement 

surface. The authors noted that events of this form were often associated with identified 

and inferred fracture zones along their profiles. 
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Figure 4.12: Dipping reflections near the top of the basement along profile SO 14, which 
show a relationship with the basement relief. There is no vertical exaggeration at 
6 km s~^ 

4.4.3 Other dipping reflections 

Further evidence of possible tectonic deformation, before the start of, or during earliest 

sediment deposition can be found along I AM-10 near CDP4000 (Fig. 4.15). Here, a 

triangular 'slither' of basement up to 100 m high and 5 km long may have been displaced 

to the south by ^ 5 km along a reflection dipping at 16°. The sediments flanking this 

slither appear not to have been disturbed by any motion of the slither and terminate 
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Figure 4.13: Dipping reflections near the top basement of the L G l l profile. There is no 
vertical exaggeration at 6 km s~^ 

against its flanks. 

4.5 Sub Horizontal S t ruc tu res 

Faint, sub-horizontal reflections are seen on all of the profiles (e.g. Fig. 4.16) and can 

generally be traced for 5-15 km. The events vary in length from short, 2-3 km, to 

longer, traceable for 10-15 km, reflections. The reflections do not group into packages 

at discrete depths and are equally distributed laterally throughout the profiles (Fig. 4.8). 

There is a discontinuous reflection event at about 11 sees T W T T which could indicate 

the Moho on the SO 14 profile. Corresponding events are not observed on the other 

profiles. 

High amplitude, sub-horizontal reflections were observed along the IAM-10 profile 

at 11.2-11.7 sees TWTT around CDP5100 (Fig. 4.17). When the profile was migrated, 

these reflections were insensitive to migration velocities over 1500 m s'^ (Fig. 4.18), 
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Figure 4.14; Curved reflection event near the basement surface along IAM-10. The 
apparent dip of the event is 31° to the north at the shallowest point. There is no 
vertical exaggeration at 6 km s~^ 

suggesting that the reflection events may not be primary crustal events. There is poor 

control over the velocities determined by stacking velocity analysis at these times, so 

interval velocities camiot be interpreted gLCCurately. If the events are not primary events, 

an alternative suggestion for their origin is that they could be wrap-around seabed 

multiples from previous shots. 

Wrap-around Multiples 

Wrap-around multiples from previous shots form due to reflections at interfaces with 

high impedance contrasts—normally at the sea surface and at the seabed. The issue was 

discussed in detail by McBride et al. (1994), who stated that the problem is most severe 

for shot intervals less than about 40 s, i.e. 100 m at a towing speed of <-̂ ,5 knots. The 

problem of wrap-around multiples is also more severe in deep water, where the energy 
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Figure 4.15: A possible slither of basement formed and moved before or during early 
sedimentation. There is no vertical exaggeration at 6 km s~^. 

can remain in the water column for long periods of time and the multiples could appear 

at the times expected for primary reflections from the lower crust or upper mantle. 

Wrap-around multiples cannot be suppressed using standard deconvolution techniques, 

and can remain in the stacked sections after the application of NMO corrections. 

Along the I AM-10 profile, shots were fired every 75 m on distance, and recorded 

for 14 sees. Firing on distance should introduce variations in the time between shots, 

which should lead to the smearing of the multiple arrival between shot gathers, and the 

attenuation of the multiple by the stacking process. However, if the speed of the shooting 

vessel was kept constant so that the time interval between shots was also constant, the 

multiple arrival may not be removed during the stacking. 

As can be seen from Fig. 4.19a, the difference in the time interval between successive 

shots was variable, with a scatter of 0.8 sees (1 s.d.) about a mean difference of 0.013 sees. 

This suggests that there are no regions along the profile where the wrap-around multiples 

should be stronger than others. The expected arrival times of the fourth and fifth seabed 
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Figure 4.18: Constant velocity migrations of the IAM-10 profile illustrating the effect of 
migrating the possible wrap-around multiples at about 11.7 sees TWTT. The velocity 
of the migration in each panel is indicated above the panel and vertical exaggeration in 
each panel is x4.86 at 6 km s~^. 
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Figure 4.19: (a) Difference between the shot time intervals between successive shots 
along the IAM-10 profile, (b) Times at which the seabed wrap-around multiples would 
be expected. Red points are the times of the fourth multiple (-^35 sees after firing), blue 
points are the times of the fifth multiple ('^42 sees after firing). The black line indicates 
the primary seabed reflection arrival time. The location of the possible wrap-around 
multiple picked is shown by the green line. 

multiples confirm this (Fig. 4.19b), showing that the arrival time of these multiples 

varies considerably along the profile. However, comparing the arrival times of the picked 

reflections with the predicted times for the multiples, we see a close match between the 

arrival times of the picked reflections and the predicted times of the flfth seabed multiple 

(Fig. 4.19b). 

It is possible then, that the high amplitude reflections at 11.5-12.5 sec TWTT are 

from wrap-around, previous shot, multiples from the seabed. It is not clear, though, 
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why the multiples are strong around CDP5100 and not elsewhere, when there is so much 

scatter in the difference in the time interval between successive shots. 

Other multiple paths, such as peg-leg multiples within the sediment column or 

streamer ghosting have not been considered for simplicity. For wrap-around multiples 

to be observed, significant amounts of seismic energy must be returned to the streamer 

after long periods of time. Transmission into the sediments will diminish the amount of 

energy, and reflectors within the sediments will have an acoustic contrast which does not 

reflect much of the energy. The most likely multiple raypath leading to the wrap-around 

multiples thus involves reflections at the sea surface and at the seafloor. 

4.6 Gravi ty Modelling of t he I AM-10 Profile 

In the absence of shipboard gravity measurements, satellite free-air gravity anomalies 

were instead modelled to examine the crustal density structure. These anomalies had 

been gridded with a 1' grid spacing (Sandwell k. Smith 1997) and filtered with a 15 km 

long filter to suppress noise at shorter wavelengths. The anomalies along the I AM-10 

profile were extracted and modelled using the GravMag package (Pedley et al. 1993), 

which uses the algorithm of Rasmussen & Pederson (1979). The first models constructed 

assumed constant densities in each layer as described in Section 4.6.1. These models 

were refined by intruducing variations in the densities of oceanic Layers 2 and 3 as 

described in Section 4.6.2. 

4.6.1 Constant-Density Modelling 

A simple model containing seven layers representing the water column, three sediment 

layers, upper and lower basement and mantle was constructed with constant densities 

in each layer (Table 4.3). The average velocities in each of these layers from the migra-

tion velocity model (Fig. 3.6b) were converted to density using a relationship between 

seismic velocity and density which represents a fourth-order polynomial fit to the den-

sity/velocity relationship of Ludwig et al. (1970, equation (4.1)) for the sediments and 

upper basement. A constant density of 3.30 g cm"^ was assumed in the mantle. 

p = -0.6997 -H 2.2302V^ - 0.5981^ 4- 0.07036%^ - 0.0028311%^ (4.1) 

The polynomial curve (equation (4.1)) predicts densities slightly lower than the 

densities calculated from the relationships of Hamilton (1978) for the sediments and 

Carlson & Raskin (1984) for basalt, but closer to the laboratory measurements from 
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Table 4.3: Densities calculated from the average seismic velocity within each layer from 
the migration velocity model using equation (4.1). 

Layer 
Representative 

Velocity (km s~^) Density (g cm~^) 

Seawater 
Sediments 1 
Sediments 2 
Sediments 3 
Upper Basement 
Lower Basement 
Mantle 

1.51 
1.85 
2.40 
4 I W 

5.50 
6.90 
&00 

LOS 
1.80 
& 0 9 

2.43 
2.59 
& 9 1 

3.30 

05 3 

X 

# 2 
Q) 
Q 

— Polynomia l f i t t o Ludw ig et al. (1970) 

— - Hami l t on (1978) Sediments and basalt 

— C a r l w n & R w k i n ( 1 9 8 4 ) , P o r o u f b w a l c 

— Nafe & Drake (1957) 

* Mi l le r & Christensen (1997) . K A N E Fracture Zone Da ta 

OChr i s t ensen & Sal isbury (1972) , A t l a n t i c Da ta 

A Christensen & Sal isbury (1973) , Paci f ic Da ta 
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Figure 4.20: Density-velocity relationships as defined by the authors indicated. The 
stars represent measurements taken from serpentinised peridotite samples and the dia-
monds and squares represent laboratory measurements of core samples from DSDP drill 
sites in the Pacific and Atlantic Oceans. 

DSDP cores of basalts with velocities less than 5 km s"^. The migration velocities 

(Chapter 3) and predicted densities are also comparable to the velocities and densities 

observed in serpentinised peridotite by Miller & Christensen (1997) and from laboratory 

measurements of core samples from DSDP cores in the Pacific and Atlantic Oceans 

(Christensen & Salisbury 1972, 1973, Fig. 4.20). 

The velocity structure of the water column in the SIAP has been determined; the 

average velocity in the water column is -^1.51 km s"^ (Fig. 2.3). As the water depth along 

the I AM-10 profile was similar to the SIAP, this velocity was considered appropriate here, 

and used to determine the depth of the seafioor from the arrival time of the seafloor 

arrival. The depth of the basement along each profile was taken from the map of the 

depth to basement constructed in Section 4.3.1. As velocity-depth models were not 
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Figure 4.21: Density models built to model the satellite free-air gravity anomaly along 
the I AM-10 profile, (a) Model with the depth to the Layer 2/Layer 3 boundary fixed at a 
constant depth of 9 km; (b) Model with the thickness of Layer 2 fixed at 2 km; (c) Model 
with the thickness of Layer 3 fixed at 3 km and (d) Model with the thicknesses of Layers 2 
and 3 fixed at a constant ratio of 1:2. In each case the upper part illustrates the observed 
(dotted blue line) and calculated (solid red line) gravity anomalies after removing the 
mean difference between these anomalies. The RMS value gives an indication of the 
misfit between the observed and calculated gravity anomalies. The lower part of each 
panel shows the density models constructed. Sohd black lines indicate the boundaries 
between the layers used, red triangles indicate the locations of the crossing profiles, 
and red circles within the density model indicate the depths to the Layer 2/Layer 3 
and crust/mantle boundaries as determined from the velocity profiles on the refraction 
profiles which cross the I AM-10 profile. 
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available along the length of the I AM-10 profile from refraction data, the depths to 

the Layer 2/Layer 3 and the crust/mantle boundaries were uncertain. Different models 

were therefore constructed with the depth of the Layer 2/Layer 3 boundary meeting the 

following criteria; 

• the Layer 2/Layer 3 boundary set at a constant depth of 9 km below sea-level 

(Fig. 4.21a). This depth was chosen as the inferred depths of the Layer 2/Layer 3 

interface from the intersecting refraction profiles (Line 6, Line 4 and IAM-9) were 

around 9 km. 

• the thickness of Layer 2 set to be a constant thickness of 2 km (Fig. 4.21b). This 

thickness of Layer 2 represents the average thickness of Layer 2 in the oceanic 

crust (White et al. 1992). 

• the thickness of Layer 2 set to be a constant thickness of 3 km (Fig. 4.21c). This 

thickness of Layer 2 represents the upper limit of the observed Layer 2 thicknesses 

in normal oceanic crust. 

• the depth of the Layer 2/Layer 3 boundary set to give a constant ratio between 

the thicknesses of Layer 2 and Layer 3 of 1:2 (Fig. 4.2Id) as there have been 

suggestions that the ratio between the thickness of Layer 2 and Layer 3 is roughly 

constant and Layer 3 is twice as thick as Layer 2 (e.g.. White et al. 1992). 

The depth of the crust/mantle boundary was then varied to produce the best fit to 

the data possible, constrained by the depths at the intersections with Line 6 (Whitmarsh 

et al. 1996a), Line 4 (Whitmarsh et al. 1990a) and IAM-9 (Dean et al. 2000). The 

models were continued for approximately 200 km at either end to reduce any edge 

effects. In each model, with the exception of the third model (Fig. 4.21c), the fitted 

crust/mantle and Layer 2/Layer 3 boundaries were found to be within 0.5 km of the 

depths determined from the intersecting profiles (shown as the red dots in Fig. 4.21). 

Notable features of each model are the shallowing of the crust/mantle boundary by 1.5-

3 km over a 5-20 km distance in the central portion of the profile, and the thickening 

of the crust at the southern end. 

The thicker crust proposed by the velocity profile along Line 6 (Whitmarsh et al. 

1996b) at the northern end of the model, could not be matched by any of these models. 

The thickness of the crust at the westernmost end of Line 6 is likely to be poorly 

constrained, compared to the thicknesses found along the IAM-9 and Line 4 profiles, 
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due to the hmited sampling by the seismic raypaths used in the modelling of that 

profile and the unreversed nature of the profile. However, another unreversed profile, 

the north-northeast-south-southwest Line 8, also collected as part of the Reframarge 

Cruise shows a similar crustal thickness to Line 6 near the end of the IAM-10 profile 

(Whitmarsh et al. 1996b). This discrepancy suggests that either the gravity models or 

the refraction model are wrong. The gravity anomalies are matched by the model and, 

as the refraction profiles are unreversed, the models are considered to be acceptable. 

4.6.2 Variable-Density Modelling 

While the depths of the interfaces along the Line 6 profile were calculated from unre-

versed refraction profiles and arguments why the gravity models were acceptable were 

given above, it is worth considering how the predicted depths could be matched better 

from the gravity models. A method by which this could be achieved is by considering 

variations in the density of the oceanic crust. 

Minshull (1996) suggested that the bulk density of the oceanic crust could vary by 

up to 20% in the vicinity of a fracture zone. The hypothesis that the observed gravity 

anomalies could be the result of density variations in the crust along the profile was 

tested by constructing variations to the gravity model with a 2 km thick Layer 2, in 

which there were lateral density variations in either oceanic Layer 2 or oceanic Layer 

3 (Fig. 4.22). The density variation and location of the lower density crust and the 

depth of the Moho were adjusted to fit the gravity anomalies to the same uncertainties 

as before. 

After adjusting the depth of the Moho to fit the gravity anomalies, the depth 

to the Moho at the intersection with Line 6, towards the northern end of the IAM-10 

profile, matched more closely than before the density variation was considered (Fig. 4.22 

compared to Fig. 4.21). The density variations required to fit the data were 10-17%, 

within the hmit suggested by Minshull (1996). However, if the density variation was in 

the upper crust (Fig. 4.22a), the low density zone is in excess of 75 km wide—wider than 

would be expected for a fracture zone. If the lower crust al density varies (Fig. 4.22b), 

the width of the low density zone would be about 30 km, located between the crossings 

of the I AM-9 and the Line 4 profiles. 
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Figure 4.22: Density models of the I AM-10 profile with reduced densities at the southern 
end of the (a) upper crust, (b) lower crust. 

4.6.3 Final Model Choice 

The RMS misfit between the modelled and observed gravity anomalies in each of the 

models (Figs. 4.21 and 4.22) is always within the 3-6 mGal uncertainties expected 

from satellite gravity anomaly data (Sandwell & Smith 1997). The fit of the modeUed 

anomalies to the observed anomalies was compared by removing the mean difference 

between them from the modelled anomalies. The models were adjusted to find the 

model which minimised the RMS difference. Ah of the models could be improved by 

making iterative, small, adjustments to the interfaces and the RMS misfits indicate that 

all the models fit the data equally well. 

The preferred model must therefore be chosen on criteria other than the RMS misfit 

to the data. The RMS misfit of the interface depths to the depths of the interfaces 

on intersecting profiles is summarised in Table 4.4, which shows very little difference 

between the models with constant densities in each layer. The misfits of the profiles 

with variable densities in each layer are more variable. 

Arguments against a constant ratio between the thicknesses of Layer 2 and Layer 

3 were given by Mutter & Mutter (1993) who showed that the ratio of the thickness of 

Layer 2 to the thickness of the whole crust decreased as the total thickness increased. 

Thus the model with a constant ratio between the thickness of these layers, (d), can 

also be eliminated. Choosing between the other models is more difficult. However, given 
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Table 4.4: RMS Misfit between the modelled interfaces and interfaces along the inter-
secting profiles. 

Model RMS Misfiit [km] 
Constant-density models 

(a) depth to L2/L3 = 9 km 0.972 
(b) 2 km thick L2 0.963 
(c) 3 km thick L3 0.837 
(d) Constant ratio of L2:L3 thickness &821 

Variable-density models 
(a) density difference in L2 0.982 
(b) density difference in L3 0.347 
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Figure 4.23: Load anomaly along the I AM-10 profile (lower panel). The upper panel 
shows the interfaces in the preferred gravity model and the blue dots indicate the depths 
of the Moho and Layer 2/Layer 3 interface from the intersecting refraction profiles. The 
dashed line indicates a zero load anomaly. 

that the average thickness of oceanic crust is 6-7 km, made up of a 1-2 km thick Layer 

2, and a 4-5 km thick Layer 3 (White et al. 1992), the preferred model with constant 

densities in each layer is model (b) with a 2 km thick Layer 2 (Fig. 4.21b). 

If the density of the oceanic crust varies laterally, the model with density varia-

tions in Layer 3 matches the crust al thicknesses determined along all of the intersecting 
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profiles more closely than other models and fits the gravity anomalies within their un-

certainty. There is no indication of the lower velocities that would be expected in the 

velocity profiles from the IAM-9 profile if there was a body with lower density near the 

intersections with the I AM-10 profile. The velocity-depth profile at the western end of 

Line 4, however, may be compatible with a fracture zone and would suggest that the 

fracture zone was located closer to the intersection with Line 4 than the intersection 

with the IAM-9 profile. This model is therefore considered in the following discussions. 

4.6.4 Load Anomalies 

The load anomaly along the IAM-10 profile based on the chosen constant density model 

shows that there is a load deficit of about 13 MPa at the southern end of the profile 

compared to the rest of the model (Fig. 4.23). The load anomaly was calculated at 

a reference depth of 100 km and affects the southern 30-40 km of the profile. The 

load anomaly from each of the other models was also calculated in the same way, and 

each showed a load deficit of about 13 MPa at the southern end of the profile, affecting 

30-40 km of the profile. 

The maximum stress release by normal faulting earthquakes at mid-ocean ridges 

has been determined to be -^10 MPa (Scholz 1982) and the thickness of the brittle 

layer formed at half-spreading rates less than 11 mm yr~^ is 4 to 12 km (e.g., Huang & 

Solomon 1988). If we assume that the normal faults along the IAM-10 profile formed, 

and were active at the ridge, and now dip at 25-30°, brittle failure would be expected if 

the load anomaly exceeds 10 MPa on a 15-20 km length scale. The anomaly observed 

here is therefore insufficient to cause such failure if the anomaly was present at the time 

of the formation of the crust. However, as the crust along the IAM-10 profile, although 

formed at a mid-ocean ridge, is no longer located at the ridge, and as the brittle layer 

thickness increases with cooling of the plate, the load anomaly for failure would need 

to be greater, or applied over a shorter length scale. Neither of these conditions are 

met—the load anomaly is ~13 MPa and over a length scale of 20-30 km, therefore the 

load anomaly is insufficient to cause brittle failure now, or when the profile was located 

at the ridge. 

The observed load anomaly at the southern end of the profile indicates that the 

bulk density of the lithosphere is reduced. This density reduction is seen in all of the 

models as the result of thickening of the crust (models with constant crustal densities) 

or reduced crustal densities in the other models. The result of this lowered bulk density 
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is to produce a buoyancy force pushing the southern end of the profile up, while the 

strength and rigidity of the lithosphere acts to oppose this buoyancy. 

The thickening of the crust at the southern end of the profile could be a primary 

feature present at the time of crustal formation, for example, thickening due to increased 

magma supply or a fracture zone, or it could be the result of intrusions into, underplating 

below, or extrusions onto the crust. A reduced crustal density is most likely to be the 

result of fractures within the crust and subsequent alteration or a fracture zone. Thus it 

appears that the most likely explanation for the origin of the load anomaly is a fracture 

zone located towards the southern end of the profile. 

4.7 Discussion 

The structures observed in the oceanic crust and interpreted above lead to several issues 

which are discussed further below. These are: the division of the basement and gravity 

anomalies into distinct regions; the crustal thickness variations; the strong top base-

ment reflection; the origin of the basement reflections; a possible fracture zone and the 

similarity of the crust along the profiles to normal oceanic crust and the load anomaly 

observed. 

4.7.1 Basement and Gravi ty Regions 

In Section 4.3.1, it was noted that the basement along the IAM-10, LG-10 and S014 

profiles could be divided into two distinct regions—one with regularly spaced basement 

highs and one without. It was also noted that the free-air gravity anomalies along the 

IAM-10 and LG-10 profiles could also be divided into similar regions which correspond 

reasonably well with the regions observed in the basement, suggesting a possible link 

between the origin of each. There are a number of processes which could result in the 

observed variations, including lateral variations in density and variations in the age, 

and hence thickness and subsidence, of the crust, the presence of a fracture zone or the 

orientation of the profile with regards to the basement relief. 

The crustal thickness around the low density region is thinner than normal crust 

and similar to the thickness expected near a fracture zone. The observations above are 

consistent with the presence of a fracture zone. 

The water-loaded subsidence along the IAM-10 profile can be estimated if the sub-

sidence is assumed to be entirely the result of sediment loading and the thickness of 

the crust remains unaffected by the subsidence. If the depth of the basement is cal-
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Figure 4.24: Variations in the thickness of the oceanic crust as calculated from the 
gravity modehing. Dotted line from the model with a constant thickness of 2 km in 
Layer 2, and solid line from the model allowing density variations in Layer 3. The dashed 
line and shaded box indicate the mean thickness of normal oceanic crust (7.1±0.8 km; 
White et al. 1992). 

ciliated following the model of Parsons & Sclater (1977), assuming a constant crust al 

age of 120 Ma along the IAM-10 profile, we see that there has not been any significant 

additional subsidence along the profile (Fig. 4.25). 
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Figure 4.25: Basement/seafioor topography along the IAM-10 profile (black lines). The 
blue line indicates the depth of the crust predicted by the Parsons & Sclater (1977) 
model and the green line indicates the water-loaded crustal depth using a water density, 
Pyj = 1030 kg m"^, sediment density, ps = 2000 kg m~^ and mantle density, Pm = 
3300 kg m~^. 

It is not clear how a variation in the density would lead to the observed division into 

a basement region with regularly spaced highs and lows and a region with much lower 

relief. Elsewhere in the North Atlantic where such variations have been observed, they 

have been attributed to changes in the spreading rate (Ranero et al. 1997; Sundvik et al. 

1984). The IAM-10 profile is oriented sub-parallel to an isochron, so changes in the 

spreading rate would have affected the whole profile at the same time. Measurements 
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taken on samples from ODP drillsites in oceanic crust formed at the fast spreading 

East Pacific Rise and the slow spreading Mid-Atlantic Ridge (Fig. 4.20, Christensen 

& Salisbury (1972, 1973); Miller & Christensen (1997)) show that changes in the 

spreading rate do not affect the density of the crust. 

An alternative suggestion would be that a fracture zone with crust formed at dif-

ferent spreading rates on either side. A relationship between the spreading rate and the 

'roughness' of the crust was established by Mahnverno (1991) who showed that crust 

formed at higher spreading rates was smoother than that formed at lower spreading 

rates. This possibility will be discussed further in Section 4.7.5. 

The final possibility considered here is that the I AM-10 profile is oriented obliquely 

to the trend of basement ridges. The regions of low relief should occur when the profile 

runs along a basement low, and the regions with high relief would correspond with the 

basement highs. The basement relief (Fig. 4.2) shows that the basement ridges and 

troughs are parallel to, or slightly obhque to the I AM-10 profile. However, there is a 

basement low running parallel to, and slightly west of the I AM-10 profile. The observed 

regions along the I AM-10 profile cannot therefore have been formed by this mechanism. 

In conclusion, while it appears that the basement topography and gravity anomalies 

along the I AM-10 profile can be each divided into two regions, and the locations of the 

boundaries between the regions are comparable, there does not appear to be a compelling 

geophysical reason behind this. The density of the crust is not affected by the spreading 

rate at which it was produced, and the trends of the basement highs are sub-parallel to 

the I AM-10 profile and do not intersect with the profile. The most likely explanation is 

the presence of a fracture zone crossing the I AM-10 profile near the boundary between 

the regions and between the S014 and LG-12 profiles. 

4.7.2 Crus ta l Thickness Variat ions 

The distances between the I AM-10 profile and the estimated seaward hmit of tilted con-

tinental fault blocks (LTCFB) (Whitmarsh et al. 2001b) and the peridotite ridge were 

determined by measuring along the N100°E spreading direction, inferred for spread-

ing since A34 time. Both distances generally increase southwards along the profile 

(Fig. 4.26) with a few regions showing a range of distances. Between about CDP400 

and CDP800, an offset between segments of the peridotite ridge (Fig. 3.2) leads to the 

step in the distance to the peridotite ridge (Fig. 4.26). South of CDP800, the distance 

between the LTCFB and the peridotite ridge remains roughly constant until about 
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Figure 4.26: The distance between the I AM-10 profile and the estimated seaward limit 
of thinned continental crust (Whitmarsh et al. 2001b) is shown by the solid hne plotted 
against the left hand axis. The distance between I AM-10 and the peridotite ridge is 
shown by the dashed line and plotted against the right hand axis. 

CDP3800. Near this point, a slight curve in the peridotite ridge (Fig. 4.28) decreases 

the distance to the peridotite ridge (Fig. 4.26), and the distance to the LTCFB increases 

rapidly as the LTCFB becomes oriented more east-west south of Gahcia Bank. 

The thickness of the oceanic crust along the I AM-10 profile was determined from 

the gravity modelling with and without variations in the density of the oceanic Layer 

3 (Fig. 4.24). If the density in Layer 3 is kept constant along the profile, the thickness 

of the basement is roughly constant at ~4.7 km in the northern 125 km of the profile 

and increasing to -^6.9 km in the southernmost 15 km, comparable to the thickness of 

normal oceanic crust (White et al. 1992). Between these two regions, the thickness of 

the crust increases linearly, corresponding to the inferred step in the depth of the Moho. 

If there is variable density in Layer 3, the crust in the northern 125 km is a more uniform 

thickness of ~6.3 km, also comparable to the thickness of normal oceanic crust. A slight 

thinning of the crust is seen at about 140 km along the profile, and the thickness in the 

southern 15 km of the profile is similar to normal oceanic crustal thickness (^7.2 km). 

The oceanic crust immediately west of the peridotite ridge has been shown to 

be thinner than 'normal' oceanic crust. The crust along the I AM-10 profile varies 

in thickness varies along the profile as shown above. Fig. 4.26 shows that there is 

a relationship between the thickness of the oceanic crust and the distance from the 

LTCFB. 

UBRARY 
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Figure 4.27: Oceanic crustal thickness along the IAM-10 (triangles) and IAM-9 (line, 
Dean et al. 2000) profiles in the preferred gravity model with constant densities com-
pared to the distance between the profile and the estimated seaward limit of continental 
crust (Whitmarsh et al. 2001b) along the inferred N100°E direction of spreading from 
magnetic anomalies. The squares indicate crustal thicknesses in the model with lateral 
variations in the density of Layer 3. The dashed line and grey box mark the thickness 
of normal oceanic crust (7.1±0.8 km, White et al. 1992). 

The crustal thickness along the margin normal IAM-9 profile is well constrained 

through detailed seismic refraction analysis (Dean et al. 2000). The crustal thickness 

along the IAM-10 and IAM-9 profiles can be compared against their distance from the 

LTCFB (Fig. 4.27). This comparison shows that the crustal thicknesses predicted by 

the model with density variations are more comparable with the thicknesses retermined 

along the IAM-9 profile than the thicknesses predicted by the model with constant 

densities. This may indicate that the model with the variations can be considered more 

reasonable. 

Compilations of oceanic crustal thickness and spreading rate have been pubhshed 

by several authors, e.g., Reid & Jackson (1981), Chen (1992), Bown & White (1994) 

and Muller et al. (2000). Reid k Jackson (1981) and Chen (1992) included only 

thicknesses determined from seismic refraction experiments. Reid & Jackson (1981) 

included fewer data points than Chen (1992) and both studies include crustal thickness 

values determined at fracture zones, which were noted to be thinner than the crust 

formed in the spreading segments between the fracture zones. Bown k White (1994) 

used the thicknesses from the velocity profiles included in White et al. (1992) which 

had also rejected less well constrained data. Data from fracture zones were not included 

in the analysis of Bown & White (1994) and the results revealed a linear correlation 
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between the full-spreading rate and the thickness of the crust at full spreading rates 

< 20 mm yr~^ At faster spreading rates, the thickness of the crust was fairly constant 

at about 6.5 km. 

The crustal thickness along the I AM-10 profile (Fig. 4.24) is 4-5 km in the northern 

150 km and 6-7 km in the southern 15-20 km in the model without Layer 3 density 

variations. The thinner crust falls outside the bounds of normal oceanic crust (White 

et al. 1992), but is close to the thickness proposed by Chen (1992), and within the range 

of thicknesses observed at ultra-slow spreading rates (< 20 mm yr~^; Bown & White 

1994). If the Layer 3 density varies, the thickness of the crust is more consistent along 

the length of the profile and falls into the bounds of normal oceanic crustal thickness. 

The oceanic crustal thickness along the I AM-10 profile is also similar to the thickness 

determined for the earliest formed oceanic crust in the Great Australia Bight (Sayers 

et al. 2001), where the crustal thickness was on average 6 km, but up to 9 km in 

places. These thicknesses were, however, determined from unreversed sonobuoy profiles 

and could have considerable errors associated with them. 

Thin (3-5 km thick) crust has also been observed in magma-poor margin settings 

adjacent to the Newfoundland Margin (Reid 1994) and the Goban Spur (Horsefield 

et al. 1994). Shghtly thicker, but still thinner than normal, crust was found in the 

magma-poor Guinea Basin by Rosendahl k. Groschel-Becker (2000) where the crust 

was 5.63±0.25 km thick. However, the thickness of the crust on the Exmouth Plateau, 

northwest Australia is not significantly different to normal oceanic crust (Hopper et al. 

1992). In the volcanic margin settings of the East Greenland and Norwegian margins, 

the earliest formed oceanic crust was anomalously thick beneath observed seaward dip-

ping reflectors (Mutter et al. 1984; Mutter & Zehnder 1988). Thus it appears that the 

thickness of the first-formed oceanic crust is related to the magma supply immediately 

after the onset of seafloor spreading, and thin-normal thickness crust is expected in 

magma-poor settings. However, recent work shows that at the Goban Spur, the base-

ment is probably more likely to be serpentinised mantle than thin oceanic crust (Bullock 

& Minshull 2002). 

Three mechanisms have been proposed for forming the thinner first-formed oceanic 

crust (e.g., Horsefield et al. 1994). First, that the thinner crust is related to a fracture 

zone; second, that ultra-slow (< 20 mm yr~^ full rate) spreading implies that the mantle 

rises slowly and loses heat conductively; and third, that magmatic intrusions into, and 

surface flows onto, the adjacent continental crust reduce the magma available for forming 
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Figure 4.28: Map showing the locations of the segments of each profile which have a 
strong top basement reflection event (thick line) or a weaker top basement reflection 
event (thin line). The light grey band shows the trace of a "Transfer Fault" proposed 
by Sibuet & Collette (1991). 

oceanic crust. Horsefield et al. (1994) were able to rule out the possibility of a fracture 

zone at Goban Spur and concluded that the most likely cause for the thinned crust 

there was the ultra-slow spreading with some magmatic intrusion into and flows on to 

the continental crust. 

In the studied region, the fracture zone hypothesis cannot be ruled out. However, 

it cannot apply to the entire region of thinner crust, instead, the thinner crust observed 

may have been formed by very slow spreading immediately after breakup together with 

additional conductive cooling into the adjacent peridotite ridge and exhumed continental 

mantle. 

4.7.3 S t rong Top Basement Reflect ions 

It was shown earlier that the strength of the reflection from the basement surface varies 

along the IAM-10 profile. This variation was also seen along the other studied profiles, 

and there is some consistency between the profiles—at the intersections, the strong 

reflection event is either present on both profiles, or is not present on either (Fig. 4.28). 
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There are no general rules for where these strong top basement reflection events are 

located on the profiles. For example, along the LG-10 profile, in the westernmost 20 km 

of the profile, they are constrained to the eastern flanks of basement highs, but at the 

eastern end of the proflle, they are associated with the lower relief basement and more 

sub-horizontal. Similar variations along the profile are seen on the IAM-10 and SOW 

profiles. The refiectivity of the crust below these regions of strong reflection events is 

not affected by their presence. 

There are a number of possible explanations for the apparent variation in the re-

flection strength of the top basement. The variations could be artefacts introduced by 

the processing of the proflles, or the result of processes during or after the formation of 

the crust. 

If they were artefacts, a similar variation would not be observed in the unprocessed 

data and the distribution of the events could be expected to be more variable between 

the profiles. Furthermore, if they were artefacts, they would not necessarily match at 

the intersections between the profiles. Therefore, it seems unlikely that the variations 

observed are simply artefacts introduced by the data processing. 

The variations must therefore be related to real, geological processes and features 

within the crust and the overlying sediment column. Such processes would include 

magmatic extrusion/intrusion or tectonic features such as faulting. It is also possible 

that, as reflectivity is related to the density and velocity of the media above and below 

the reflector, the strong reflection events could be related to denser sediments. However, 

it is difficult to reconcile this hypothesis with the observed distribution of the strong 

reflections and the lack of correlation between depth and the reflection strength. 

The West Iberia margin is considered to be a magma-poor margin without signifi-

cant volumes of syn-rift magmatism (e.g., Whitmarsh et al. 1990a). Some igneous bod-

ies may be present though in the ZECM in the SIAP (Russell & Whitmarsh 2003), and 

the regions of the strong top-basement reflectivity could represent lava flows. Where the 

strong reflections correspond to regions of the basement with low-relief (e.g. CDP3200-

CDP3600, IAM-10; Fig. 4.1), the lava flows would be fairly flat lying and undisturbed. 

Where the strong reflections correspond with regions of greater basement relief (e.g. 

the western end of the LG-10 profile), the strong reflections were often found on the 

landward flanks of the basement highs. This could be the result of post-emplacement 

faulting and rotation of the lava flows. 

While basalt between the sediment layers will reduce our ability to resolve reflections 
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from tfie basement due to de-tuning effects, the magmas here appear to have been 

emplaced on the basement surface or on only a thin veneer of sediments. Therefore, 

there would not be any significant de-tuning and the reflectivity of the basement below 

would not be reduced. 

A third possibility is that the reflection strength variations are related to tectonic 

processes, such as faulting. 'Top Basement Detachment Faults' (TBDF) have been 

identified in oceanic fracture zones (Dick et al. 1981; Mutter & Mutter 1993), marginal 

profiles (e.g., Reston 1996), in an Alpine section (Holker 2001) and on a section of 

the LG-12 profile east of the section studied in this thesis (Holker 2001). The last two 

cases were compared to demonstrate their similarities by Holker (2001). TBDFs form 

as a low angle (< 10°) normal fault at, or near, the basement surface and represent 

the inactive portions of downwards-concave faults which expose lower crust al and upper 

mantle material at the seafioor. 

If the variations in the refiection strength were due to TBDFs, or other steeper 

normal faults, they would indicate a components of the extension in both east-west and 

north-south directions as they are present on profiles in both orientations. TBDFs would 

also imply lower crust al or upper mantle rocks were located at shallow levels in the crust. 

No velocity anomalies were found in the migration velocity field for the JAM-10 profile 

or the stacking velocity analysis along the other profiles, but the velocity models may 

not be sufficiently sensitive to conclusively detect such features. TBDFs have previously 

been recognised in regions of extended continental mantle or crust (Holker 2001) and 

near oceanic fracture zones (Mutter 1990; Ranero & Reston 1999). TBDFs observed in 

oceanic crust have often been related to fracture zones, and this is a possible explanation 

discussed in Section 4.7.5. 

In conclusion, variations in the reflectivity of the top-basement reflection event 

are observed along all the profiles studied. The variations are probably related to the 

emplacement of magmatic bodies onto the sediment column soon after sedimentation 

began, or directly onto the basement surface before the onset of sedimentation. However, 

the variations could instead be related to low angle faulting such as TBDFs. 

4.7.4 Basement Reflections 

The dipping and sub-horizontal reflections picked and described earlier are faint, but 

considered to be primary reflection events except where described as multiple or energy 

from out of the plane of the profile. To understand the development of the earliest 
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oceanic crust, it is important to determine the origins of the reflections. The origin of 

the reflections could be tectonic, magmatic or compositional, or a combination of all 

three. The implications of each will be discussed in turn. 

If we start by assuming that the dipping reflections are tectonic features, the re-

flections would represent faulting—normal, transform or reverse in character. Reverse 

faults are rarely observed in the oceanic crust, as extensional processes dominate; and 

transform faults are often more vertical (e.g.. Bull & Scrutton 1992). At a number of 

locations, the dipping reflections rise through the upper crust and meet the base of the 

flanks of some basement highs, suggesting that they could be extensional, normal faults. 

The other dipping reflection events which do not align with the base of the flanks of 

the basement highs could also be normal faults which have not experienced the same 

amount of displacement. 

The sub-horizontal reflections could be hydrothermal alteration fronts, out-of-plane 

reflections from structures striking parallel to the proflles (e.g.. White et al. 1990), or 

layering within the crust (e.g., Morris et al. 1993). 

Mineralogical variations and metamorphic zonation are common features within 

ophiolite sequences, and there is evidence for pervasive hydrothermal alteration of the 

pillow basalts and sheeted dyke complex in the Semail and Bay of Island Ophiohte 

complexes for example (Casey et al. 1981; Nehlig &: Juteau 1988). This alteration 

typically affects the upper 1.5-2 km of the ophiohte sequence, similar to the estimated 

depths of reflections observed by Morris et al. (1993). Some of the upper-crustal sub-

horizontal reflections observed in the IAM-10, LG-10, LG-11 and S014 profiles may also 

share this origin. 

Some of the sub-horizontal energy could be from out-of-the-plane reflections from 

proflle parallel trending structures. If this were the case, because the structures are 

randomly located in relation to the studied proflles, a random distribution through 

the profiles would be expected, as is observed. It is clear that there may be structures 

parallel to the spreading ridge which develop as a result of spreading at a slow-spreading 

ridge (Mutter & Karson 1992), however, the origin of structures normal to the ridge 

is less clear, although along-axis extension has been previously proposed (e.g., Morris 

et al. 1993; White et al. 1994). 

In the Blake Spur region, Minshull & Singh (1993) modelled precritical reflections 

from short, flat-lying events in the upper kilometre of crust. Their models suggested 

that there were discrete velocity steps or alternating high- and low- velocity layers which 
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could create the reflections observed. The impedance contrasts needed to produce the 

reflections were attributed to changes in porosity within the shallow, extrusive pillow 

basalt sequence. Morris et al. (1993) suggested alternatively that the reflections could 

be from the intrusion of sihs into the shallow crust. 

Reflections are rarely observed from the Layer 2/Layer 3 transition as it represents 

a change in velocity gradient (White et al. 1992). The distribution of the sub-horizontal 

reflection events along the I AM-10 profile does not correlate well with the time of the 

Moho boundary from the intersecting refraction profiles (Fig. 4.8) which suggest that the 

Moho would be at 10-11 sees TWTT. While there are occasionally reflections at these 

depths, they are not unequivocally related to the interfaces, and if the Moho were at 10-

11 sees TWTT, a significant number of reflections would be located in the upper mantle 

which has previously been described as largely unreflective with only small numbers of 

reflections (e.g., Henstock et al. 1996). This does not rule out the possibility that some 

of the reflections are from the mantle though. The TWTT of the reflections suggest 

that others may also be wrap-around multiple energy as discussed in Section 4.5. 

In conclusion, while there are a number of possible explanations for the origin of 

the dipping and sub-horizontal reflections observed, the most likely explanation appears 

to be tectonics for the dipping reflections and a combination of hydrothermal fluid 

alteration fronts and out-of-plane energy for the sub-horizontal reflections. The sub-

horizontal reflections are dispersed throughout the I AM-10 profile and, while there may 

be some correlation with the Layer 2/Layer 3 transition and the Moho boundary, there 

is not a single reflection event consistently associated with each of these and a signiflcant 

number of reflections may be located within the mantle. 

4,7.5 Transform Faults 

The gravity anomaly modelling and intra-basement and sediment reflections can be 

interpreted to suggest that there is a fracture zone within the study area. This fracture 

zone will be shown to be consistent with the inferred gravity and basement regions. 

It was shown earlier that the basement topography along the IAM-10 profile can be 

divided into two regions—one with regularly spaced basement highs and the other with-

out. The boundary between these regions corresponded with a decrease in the satellite 

free-air gravity anomaly from about 0 to about -40 mGal over 50-70 km. Modelling the 

gravity anomalies with constant density layers suggested a 1.5-2.5 km step in the Moho 

depth over 35-40 km at a similar location along the profile (Fig. 4.21) and modelling 
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the anomalies with lateral density variations in Layer 3 showed a thinning of the crust 

by >̂ 2 km at about 150 km along the profile (Fig. 4.24). A 15 km wide low density zone 

is located just south of this thinning. As shown above, these observations are consistent 

with a fracture zone located between CDP4000 and CDP6400 (100 and 160 km along 

the profile). Some of the imphcations of a fracture zone on the I AM-10 profile and 

the intersecting profiles will be discussed here and it will be shown that there are also 

alternative explanations for the observed features than a fracture zone. 

The listric reflection event between CDP5600 and CDP6000 along the I AM-10 

profile (Fig. 4.14) appears to either curve into a more horizontal reflection at about 

9.8 sees TWTT or soles out onto a reflection dipping gently to the south. Similar events 

have been previously observed in the eastern Atlantic Ocean along a profile which crossed 

several known fracture zones (Ranero et al. 1997). Gravity anomalies along that profile 

showed characteristic troughs over the known fracture zones and a similar trough was 

noted above the curved refiection event. The curved reflection event was interpreted as 

indicating an unmapped fracture zone (Ranero et al. 1997). The similar event on the 

I AM-10 profile could also therefore indicate the location of a fracture zone. 

As described in Chapter 2, Sibuet Sz Collette (1991) proposed the existence of a 

ridge-ridge-fault type triple junction on the Mid-Atlantic Ridge at A34 time to account 

for features they observed in the magnetic anomalies. They suggested that the fault 

component was a "Transfer Fault", oriented north-west-south-east west of Iberia and 

suggesting northwards displacement of the triple junction with time. The zone in which 

the authors suggested the transfer fault would lie (see Fig. 4.28) corresponds well with 

the location of the possible fracture zone as described above, supporting the idea of a 

crustal discontinuity in the studied region. However, the age of the "transfer fault" does 

not match the age that the fracture zone would have been active. 

The location of the fracture zone matches the location at which the oceanic crust 

thickens when the density of Layer 3 is constant along the I AM-10 profile (Fig. 4.21b). 

This location is also similar to the location of the thinning of the oceanic crust when 

the density of Layer 3 is not constant along the profile (Fig. 4.22). However, it has also 

been shown that in the model with constant densities, the crustal thickness from an 

unreversed seismic refraction profile is poorly matched, and that the crustal thickness 

matches better if there is a low density region in Layer 3 between the intersections of 

Line 4 and the IAM-9 profile with the I AM-10 profile. The velocity profiles along the 

IAM-9 refraction profile at the intersection with the I AM-10 profile does not show any 
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indication of a low density, hence lower velocity, body, and neither is a low density region 

noted in the full two-dimensional model of the profile (Dean et al. 2000). However, the 

densities along Line 4 may be consistent with a low density region. 

If there was a fracture zone breaking the I AM-10 profile between the points noted 

above, the crust on either side would have a different age. The model of Parsons & 

Sclater (1977), for water-loaded basement depth, predicts that the depth increases with 

the age. The age of the crust along the flow-line parallel profiles, LG-10, LG-12 and 

SO 14 could only be estimated as it formed during the Cretaceous Magnetic Quiet Period 

(Ogg 1988; Miles et al. 1996). The predicted thermal subsidence along the profiles 

matches, within error, the observed depths. 

The absence of additional subsidence along the east-west profiles (Figs. 4.5 and 

4.6b), suggests that there is not an identifiable age gap along the profiles as a result of 

the fracture zone. Therefore, any fracture zone in the area must be oriented close to 

east-west and located between the LG-12 and SO 14 profiles. The predicted subsidence 

along the IAM-10 profile (Fig. 4.25) matches the water loaded basement depth, so either 

there is not a fracture zone crossing the profile, or the fracture zone is between crust of 

similar ages so that the different amounts of subsidence cannot be identified. 

The minimum offset in the basement depth that can be resolved from the reflection 

profiles can be estimated from the frequency of the seismic energy. If the dominant 

frequency of the seismic energy at the basement is 8 Hz (Pickup 1997) and the seismic 

velocity assumed to be 4 km s~\ the wavelength of the seismic energy (~500 m), and 

the vertical resolution of the data, can be estimated (~125 m). Therefore, for an age 

gap along a profile to be identified from the basement relief, there must be a difference 

of > 100 m on either side, which requires an age gap of 10-15 m.y. at the age of the 

crust in this region. 

An additional -^700 m of subsidence was noted at the eastern end of the portion 

of the LG-12 profile studied (Fig. 4.6b). If this subsidence were related solely to the 

fracture zone, the age difference of the crust on either side of the zone can be determined. 

Such a calculation, however, suggests that 700 m of subsidence requires an age difference 

of over 120 m.y. This difference is considerably greater than the length of the Cretaceous 

Magnetic Quiet Period (Ogg 1988), and so the additional subsidence is unlikely to be 

purely due to a fracture zone intersecting the LG-12 profile at this point. 

In conclusion, while there are features in the oceanic crust and the gravity anomalies 

along the profiles that are consistent with the existence of a fracture zone, they do not 
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preclude alternative explanations for their origin. The features in the crust may be 

tectonic features related to along-profile extension rather than a transform fracture 

zone. The gravity anomalies can be modelled without density variations in the crust, 

however, the crustal thickness predicted by the inclusion of density variations match the 

observations on intersecting profiles better, while not having a detrimental affect on the 

fit of the gravity anomalies. The subsidence along the I AM-10 suggests that there is 

no identifiable age gap between portions of the crust. Therefore, I conclude that there 

is a fracture zone intersecting with the I AM-10 profile, but that the age-offset across 

the fracture zone is less than 10 m.y. Anomaly 34 is not offset by this fracture zone 

suggesting that the fracture zone was only active for a short period of time. The age of 

the crust that was affected by the fracture zone is 110±5-125±5 Ma. 

4.7.6 Early Crus t v Normal Crus t 

The early-formed oceanic crust shows a similar pattern of reflectivity to other regions 

of the North Atlantic. Dipping and sub-horizontal reflections are observed to similar 

TWTT in both the early-formed and normal crust and the dips of these events are 

similar. 

Regions of high and low basement relief are observed in both the early-formed and 

older, normal oceanic crust. However, the previous interpretation of their origin, that 

the regions are related to variations in spreading rate (Ranero et al. 1997; Sundvik 

et al. 1984), cannot apply to the isochron-parallel profiles, as these variations would 

affect the whole profile at the same time. 

The density structure along the I AM-10 profile is comparable with that of normal 

crust. These observations show that the early-formed crust here is not significantly dif-

ferent to normal oceanic crust. This is perhaps surprising because of the conditions that 

prevailed at the time of formation—possibly small amounts of melt and conductive cool-

ing and magmatic intrusion into and extrusions onto the adjacent exhumed continental 

mantle. 

4.7.7 Spreading rates, Br i t t le Thickness and Reflector Imaging 

The oceanic crust immediately west of the peridotite ridge and forming the basement 

along the profiles studied in this chapter was formed during the Cretaceous Magnetic 

Quiet Zone (e.g., Ogg 1988), thus the spreading rate cannot be easily quantified. An es-

timate of the spreading rate can, however, be made by determining the distance between 
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the J-anomaly (MO age, ~120 Ma) and the A34 anomaly (84 Ma). Such estimates sug-

gest that the spreading rate for the oceanic crust in the studied area was 10-11 mm yr~^ 

The brittle thickness (see also Fig. 1.4a) of the crust increases as the crust cools 

away from the spreading ridge at which it was formed (e.g., Huang &: Solomon 1988; 

Escartm et al. 1997) and also depends on the spreading rate at which it formed (e.g., 

Huang & Solomon 1988). At a half-spreading of 10-11 mm y r " \ the brittle thickness of 

the oceanic crust is expected to be 3-4 km (Huang & Solomon 1988). Micro earthquake 

studies at the Mid Atlantic Ridge (e.g., Barclay et al. 2001; Toomey et al. 1988; Wolfe 

et al. 1995) have shown that the brittle layer at the ridge axis is 4-8 km thick. These 

thicknesses compare well with the distribution of imaged dipping reflection events which 

have been interpreted as faults and which are concentrated in the upper 3 km of the 

crust along the studied profiles. 

4.8 Conclusions 

An interpretation of the MCS profiles collected over oceanic crust formed within 20 m.y. 

of the onset of seafloor spreading west of the peridotite ridge has shown that: 

(1). The basement along all the profiles is reflective, with weak dipping and sub-

horizontal reflections present to 12 sees TWTT on all the profiles. 

(2). Strong reflections from the top of the basement are consistent with the emplace-

ment of lavas before, or soon after, the onset of sedimentation. 

(3). Dipping reflections in the upper crust correspond with the base of the flanks of 

basement highs in several locations, suggesting that these reflections are probably 

the result of normal faults. Other dipping reflections in the upper crust which do 

not align with the base of the flanks of basement highs are also likely to share this 

origin. 

(4). Gravity modelling of the I AM-10 profile with constant density layers demonstrates 

the presence of a 1.5-2.5 km step in the Moho at about 140 km along the profile. 

If the Layer 3 density is allowed to vary by up to 10%, thinning of the crust by 

2 km at that point is suggested. This density variation, and thinning is consistent 

with the presence of a fracture zone at this point. 

(5). The features in the basement and the gravity anomalies from the north-south 

I AM-10 profile are consistent with a previously unmapped fracture zone in the 
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study region. If the ages of the profiles are determined by linear interpolation 

between the MO and A34 magnetic anomahes, there is no water-loaded subsidence 

anomaly along the IAM-10, LG-10, LG-11 and S014 profiles, suggesting that the 

profiles have experienced no additional subsidence. If there is a fracture zone 

intersecting the profiles, the difference between the age of the crust on either side 

is < 10-15 m.y. 



C H A P T E R 5 

Sedimentary S t ruc tures in t he 
Sediments Deposi ted on the 
Early-formed Oceanic Crus t 

5.1 Overview 

This chapter will present an interpretation of the seismic stratigraphy observed along the 

studied profiles which will be used to identify variations in the pattern of sedimentation 

with time. These variations will in turn be related to the regional tectonics affecting the 

West Iberia margin and the sediments will be correlated with the identified stratigraphy 

in the Southern Iberia Abyssal Plain. In so doing, this chapter will present the post-rift 

stratigraphy over the earliest-formed oceanic crust in the area studied in the previous 

chapter. 

5.2 I n t r o d u c t i o n 

The sediment sequence in the study region can be picked from seismic profiles and 

used to infer the development history of the profiles during and following sediment 

deposition. While accommodation space is being created, a continuous sequence of 

sediments is deposited if a sediment supply is present. A break in the sediment supply, 

or if accommodation space is not created, will lead to a break in the sediment sequence 

along the profiles. These breaks, unconformities, can be identified when there is a change 

in the sediment reflection orientation across the unconformity. If there is no change, the 

sequence will appear to be conformable along the seismic profile. The sediment sequence 

and events can be dated by comparison with geological samples, for example, from ODP 

drillsites. 

To be able to compare the stratigraphy with the samples from the ODP drillsites, it 

must be possible to trace the reflections from the seismic profiles to the ODP drillsites. 

124 
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Figure 5.1: Map showing the location and relationships between the stucUed MCS pro-
files and other profiles mentioned. Inset shows the shaded bathymetry west of Iberia. 
The box in the inset indicates the region in the main figure and the line indicates the 
I AM-10 profile. Also indicated are the location of Gahcia Bank (GB), Estremadura 
Spur (ES), Tagus Abyssal Plain (TAP), the Iberia Abyssal Plain (lAP) and the South-
ern Iberia Abyssal Plain (SIAP). Lines and symbols are as described in Fig. 3.2. 

West of Iberia, this can be achieved by combining the profiles studied (see Chapters 3 

and 4) with other profiles in the region, e.g. the DY215 profiles (Discovery 215 Working 

Group 1998), the eastern end of the LG-12 profile (Beslier 1996) and the profiles 

collected during S075 for the ODP 149 site survey (Roeser et al. 1992, Fig. 5.1). The 

history of the sediment deposition can thus be determined along the LG-10, LG-11, 

LG-12, S014 and I AM-10 profiles, highlighting the effects of the Tertiary motion of the 

Iberian Peninsula and Africa with respect to Europe. 

In this chapter, the stratigraphy along the IAM-10, LG-10, LG-11 LG-12 and S014 
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profiles will be described and correlated with the previously published stratigraphy 

from the SIAP (Wilson et al. 1996). The structures observed along the profiles will 

be presented and discussed in relation to the events which may have created them and 

what they indicate with regard to the history of the development of the West Iberia 

margin. 

The West Iberia margin formed following the Cretaceous breakup and separation of 

Iberia from North America as previously discussed. Following the breakup, the margin 

experienced deformation events in the Eocene and Miocene the effects of which are 

recorded in the sedimentary sequence (e.g., Masson et al. 1984). These events will be 

discussed below and are expected to be the primary source of deformation observed in 

the studied profiles. 

5.2.1 Ter t iary events affecting t h e West Iber ia Margin 

The regional tectonics which affected the West Iberia margin in the Tertiary have been 

previously comprehensively reviewed (e.g., Masson et al. 1984; Pinheiro et al. 1996), 

and only a brief summary will be given here. Following the rifting and onset of seafloor-

spreading at about 118 Ma (Albian/Aptian time MO), the Iberian region was subjected 

to two main compressional events, the first between the Late Cretaceous and the middle 

Eocene, and the second in the Miocene. 

During the late Cretaceous-middle Eocene, convergence between Iberia and Europe 

led to the formation of the Pyrenees-Cantabrian chain of mountains in northern Spain. 

Seafloor spreading in the Bay of Biscay, which had begun at about A34 time as a side 

arm to the main Atlantic Rift (e.g., Pinheiro et al. 1996) ceased, and subduction of the 

southern margin of the Bay of Biscay beneath the northern Margin of Iberia commenced 

(e.g., Boillot et al. 1979b; Grimaud et al. 1982; Alvarez-Marron et al. 1997). This 

subduction lead to the overthrusting of Paleocene and Eocene sediments and there was 

at least 40 km (Srivastava et al. 1990) and possibly up to 120 km (e.g., Le Pichon 

& Sibuet 1981; Grimaud et al. 1982) of shortening across the margin. Deformation 

observed along the north Iberia Margin and in the Bay of Biscay has been dated to the 

Mid-Late Eocene by an unconformity capping the faults and deformation, and identified 

in seismic profiles (Masson & Parson 1983; Thinon et al. 2001). This unconformity is 

considered to be a result of the Eocene compression event (e.g., Thinon et al. 2001). 

Later, convergence between Africa and Iberia in the Miocene, or more recent west-

ward slab rollback due to an eastwards dipping subduction zone under Gibraltar (Gut-
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scher et al. 2002), lead to the formation of the Betic-Rif Mountain Ranges in southeast 

Spain and north Africa (Masson et al. 1994; Pinheiro et al. 1996). Evidence of con-

temporaneous deformation is found in the Lusitanian Basin, southwest Portugal, and 

in the SIAP (Masson et al. 1994). In the SIAP, the deformation observed on the MCS 

profiles are asymmetric westward facing folds. These folds vary from monoclines with a 

wavelength of ~20 km and an amplitude of 100-500 m to folds with a wavelength of a 

few kilometres and amplitudes of only 50-100 m. Unconformities bounding the defor-

mation date it to the middle Miocene and this Miocene phase could have overprinted 

the earlier Eocene deformation west of Iberia (Pinheiro et al. 1996). 

5.3 Sed imen ta ry Uni t s 

The seismic stratigraphy west of Galicia Bank was determined by Groupe Galice (1979) 

based on profiles collected as part of the site survey for DSDP Leg 47 in 1975. Four 

main sedimentary units were identified based on their reflective character and delineated 

on the basis of unconformities and notable seismic horizons. The units were correlated 

with the drilled section at DSDP Site 398 near the Vigo Seamount south of Galicia 

Bank. Following GDP Leg 103 to Gahcia Bank in 1985, the seismic stratigraphy was 

revised on the basis of new seismic reflection profiles and the reprocessing of profiles 

collected during the original DSDP site survey (Mauffret &: Montadert 1988). The 

original stratigraphic divisions of Groupe Galice (1979) were kept, but their thickness, 

depths of bounding reflections and acoustic properties were updated. 

South of Galicia Bank, the post-rift seismic stratigraphy for the SIAP was com-

piled by Wilson et al. (1996) based on reflection profiles collected around the GDP 

Leg 149 drill sites. MCS profiles from the Lusigal and Sonne-75 cruises were supple-

mented with single channel seismic reflection profiles from RRS Discovery Cruise 161 

and JOIDES Resolution Leg 149. Variations in the processing of the profiles resulted in 

differing reflection characteristics between the profiles at their intersections and between 

neighbouring profiles, complicating their correlation. 

Six refiection packages were identified from the reflection proflles in the SIAP, using 

a combination of reflection terminations and/or reflection characteristics to determine 

their base. Where the base could not be recognised on these grounds, it was located by 

tracing around the grid of seismic profiles. The units were compared to the lithostratig-

raphy and biostratigraphy from GDP Sites 897-900, by converting two-way travel times 

to depth using a function determined from sonobuoy records (Whitmarsh et al. 1990b). 
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Table 5.1: Summary of the seismic stratigraphic units identified in the SIAP (after 
Wilson et al. 1996, 2001a). 
Unit Age of base (Units 

4 and 5 by 
comparison with 
DSDP Site 398) 

Thickness 
(ms TWTT) 

Description, inc. 
geometry, onlap, etc 

Lithology 

Late Phocene 100-200 Sheet-like, but thickening 
on the western flanks of 
asymmetric folds identi-
fied by Masson et al. 
(1984); base onlaps or 
truncates Unit 2, and 
erodes into Unit 3 in cre-
stal locations 

Mid-Miocene 0-460 Wedge shaped, thinning 
and onlapping toward 
crests of folds, and absent 
over crests. Parallel 
reflections with higher 
amplitudes on Lusigal 
profiles compared to 
Sonne profiles. Thickens 
to the west 

Mid-Eocene 150-520 Lower boundary is defined 
by the base of an in-
chned reflection interval 
in the east and its cor-
relative reflector to the 
west; sheet-like geome-
try with gradual westward 
thinning. Thinning corre-
sponds with erosion over 
fold structures 

Santonian- 240-600 Sheet, with high-
Coniacian? amplitude continuous 

reflections. Basal part 
onlaps highs in acoustic 
basement. Convergence of 
reflections onto basement 
due to compaction during 
sedimentation 

Albian? up to 200 Onlaps basement highs, 
occupying basinal posi-
tions between them, and 
showing overall westward 
thickening; low-amplitude 
reflections (almost trans-
parent). Rests directly on 
basement, or on a discon-
tinuous body with chaotic 
reflections west of Site 898 

unknown up to 600 Constrained to a region 
east of a line between Sites 
897 and 898. Variable 
continuity and strength of 
reflections 

Sihciclastic turbidites and 
pelagic nannofossil oozes 

As above, with biotur-
bated hemipelagites and 
pelagic nannofossil-rich 
sediments at base 

Carbonate turbidites 
(with minor sihciclastic 
deposits at base) silici-
clastic hemipelagites, and 
contourites 

As above, but becomes 
more siliciclastic sand-rich 
in the lower part of the 
Eocene succession at Sites 
900 and 1068, and in 
the Paleocene succession 
at Site 1069 

Comparison with Site 
398 suggests nannofossil 
chalks and claystones 
and dark grey to black 
claystones 

Comparison with Site 398 
suggests siliciclastic tur-
bidites and debris flows 
with carbonate clasts in 
the deepest parts 
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It was not possible to correlate all the seismic units with the units recognised in the 

Leg 149 holes as only the upper third of the sedimentary column was sampled by the 

drilling. The age and hthology of the remaining units were determined by extrapolating 

the units to DSDP Site 398. 

The identified units are summarised in Table 5.1 following Wilson et al. (1996, 

2001a). 

5.3.1 Sedimentary Uni ts in t he S tudy Region 

The post-rift stratigraphy summarised in Table 5.1 was extended into the study region 

by continuing the identified boundaries of Wilson et al. (1996) on the LG-12 profile 

to the west. The picks were traced along the I AM-10 profile and onto the SO 14 and 

LG-10 profiles, and from the S014 profile onto the LG-11 profile to complete the grid 

of studied profiles. Line drawings of the profiles are shown in Fig. 5.2 and larger plots 

are given in Fig. 4.7\ 

Along the studied profiles, Unit 1 is 100-200 ms TWTT (all time thicknesses are 

given as TWTT throughout this chapter) thick and shows strong, parallel laminations 

which can be easily traced along the lengths of all the profiles. Unit 2 is 100-300 ms 

thick, laminated and generally traceable, but the reflection events are less continuous 

than in Unit 1 above and Unit 3 below. Unit 3 is up to 450 ms thick with strong 

continuous reflections. Unit 3 drapes over, or is found between, the basement highs 

on all the profiles. Units 4 and 5 are only found between basement highs and have 

a combined thickness of up to 1200 ms. The reflections in these units are strong and 

continuous. Along the IAM-10 profile, Units 4 and 5 thicken from ~800 ms south of 

CDP4000, to ~1.2 sees between basement highs towards the northern end of the profile. 

This thickening is not observed along the other north-south profile, LG-11, where the 

thickness of these units is more constant at ^900 ms. The thickness of these units is up 

to 1100 ms along the S014 and LG-12 profiles. 

Strong localised deformation is often found near the top of Unit 4 and infilled with 

sediments from Unit 3 (e.g.. Fig. 5.3). Following the stratigraphy of Wilson et al. 

(1996), this deformation can be dated to be younger than middle Eocene age and the 

infill is middle Eocene to middle Miocene age. These deeper units also contain disrupted 

or unrefiective units which are described later and could be equivalent to the chaotic 

bodies Wilson et al. (1996) observed in their Unit 5. Unit 5 is found only at the 

^Fig. 4.7 is included as an insert at the back of this thesis 
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Figure 5.3: Sediment reflector along the 8014 proflle indicating localised deformation 
of the indicated reflector. Unit 4 appears to thicken to the West as indicated which 
may be the result of along-proflle extension. The deformation of the indicated reflection 
may also be due to this extension, but could alternatively be the result of along-proflle 
compression. The numbers indicate the Units and the line colours are as in Fig. 5.2. 

deepest points of some of the basement lows, and its identification is less certain. Unit 

6 is observed at the eastern end of the LG-12 profile, where it is up to 0.6 sees TWTT 

thick, but it is not observed in the western half of the LG-12 profile or on any of the 

other profiles. 

5.4 Sed iment S t r u c t u r e s 

The post-rift sediment succession described above is generally conformable within the 

studied region, although some structures and variations within the succession were noted 

and are described in the following sections. 

5.4.1 Sed iment C h a r a c t e r 

The sediment reflections are generally high amplitude events indicating parallel layering 

and largely continuous along most of, if not the whole length of the proflles. Some curv-

ing and thinning of the layers towards the basement highs is observed due to variations 
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Figure 5.4: Layered sediments between adjacent basement highs along the LG-10 profile. 

in the amount of compaction and hence subsidence (Fig. 5.4; c.f. Wilson et al. 1996). 

The reflectors were easily traced from profile to profile. 

Elsewhere, the refiections from the earliest sediment were more disrupted and the 

seismic energy more scattered (Figs. 5.5 and 5.6). Low amplitude parallel reflections 

were observed within these disrupted bodies, but it was not always possible to trace 

the sediment layers over long distances. While these reflections may be short-period 

multiples, the deconvolution functions applied to the profiles were unable to remove 

these reflections. 

Similar disrupted/scattering packages were observed by Wilson et al. (1996) in 

the SIAP in their Unit 5. These packages appear to be within Unit 4 in the grid of 

proflles studied, and Unit 5 may not be present. However, correlating the units between 

basement highs was not always possible with confldence, suggesting that the packages 

could also be within Unit 5 here. Similar packages were also observed in the Gulf of 

Cadiz and interpreted as chaotic bodies, possibly resulting from debris flows (Torelli 
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et al 1997). Within the studied region, these unreffective bodies are generally found 

within 10 km of the basement highs. The proximity of the disrupted sediment bodies 

to the basement highs indicates a possible connection between the basement highs and 

the sediment bodies, for example, that the bodies are the result of erosion from the 

basement highs. 

Reflections can sometimes be seen extending from an adjacent basement high into 

the disrupted bodies (e.g. Fig. 5.6 on the LG-11 profile). These stronger reflections may 

represent surge or slump deposits washed off the basement high, possibly by deep water 

currents, and forming a more reflective horizon than the chaotic sediments deposited 

before and after. Alternative suggestions for the origins of these sediments are considered 

in Section 5.4.3. 

5.4.2 Faulting and Disruption 

Evidence of extension and compression is recorded in the sedimentary section by small 

scale faulting and regions of intense deformation of the sediments. Faults were identifled 

as discontinuities in the otherwise continuous sediment reflections, by changes in the 

orientation of the sediment reflection events or as kinks in the reflections. Faults can 

be observed throughout the sediment sequence but are mainly restricted to Units 3, 4 

and 5 (Fig. 5.7). A further example of such deformation is shown in Fig. 5.3 between 

CDP12800 and CDP12900, where it may be related to extension and motion along a 
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Figure 5.7: Faulting and compaction in the oldest sediments along the LG-10 profile. 

fault not imaged in the upper basement and active during the deposition of Unit 4. 

While the faults above could be identified by the disruption caused to the sediment 

layers, the sense of the displacement along most of the faults could not easily be deter-

mined due to the apparently small displacements observed. However, some faults are 

clearly associated with folding and draping over the basement highs and others with 

small amounts of compression or extension. 

An unconformity surface is observed along the LG-10 (Fig. 5.8) profile near the top 

of the Unit 4-5 (pre-middle Eocene) reflections. The reflections below the unconformity 

are truncated by the unconformity and there appears to be up to 100 ms of sediments 

between the unconformity and the Unit 3/4 boundary. The deformation which lead to 

the unconformity therefore occurred before the middle Eocene, and does not match the 

timing of a deformation event previously described. However, the time-gap between 

the unconformity and the Unit 3/4 boundary is small and the unconformity could be 

related to the same event—possibly recording the inception at a shghtly earlier time, 

or recording a slightly earlier (pre-cursor) event. Alternatively it could be indicating 

an error with the stratigraphy where it has been extrapolated and traced around the 
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Figure 5.8: Top lap/unconformity surface (U) observed at the eastern end of the portion 
of the LG-10 profile studied. 

profiles studied. Pre-cursor events have not been recorded elsewhere in the West Iberia 

region; the absence of such observations may indicate small errors in the interpreted 

stratigraphy. 

5.4.3 Rota ted Sediment Packages 

In addition to the generally conformable sequence of layered sediment deposition de-

scribed above, there are a few more enigmatic regions in the sediment sequence. In 

these regions, the main sediment sequence appears to terminate against a high ampli-

tude reflection or a sediment mound is observed. Along the I AM-10 profile, at the crest 

of the basement high near CDP1300, a series of continuous reflections are observed dip-

ping 5-10° to the north (Fig. 5.9). A similar set of reflections are observed dipping at 

10-20° on the eastern flank of the basement high at CDP15700 along the S014 pro-

file (Fig. 5.10) and the feature interpreted above as a slump along the LG-11 profile 

(Fig. 5.6; Section 5.4.1) can also be viewed in a similar way. 

Reflections from the main sediment sequence terminate abruptly against the tilted 
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Figure 5.9: Possible rotated sediment package (T) at the top of the basement on IAM-10. 
Angles of dip between 0 and 15° are indicated. 

reflections along the IAM-10 profile, indicating that the process which formed the refiec-

tions was active, and complete, before the deposition of the Unit 1 and Unit 2 sediments. 

Along the S014 profile. Units 3 and 4 terminate against the dipping reflection event, 

and Units 1 and 2 are unaffected indicating that the event was complete before the 

deposition of Unit 2; and along the LG-11 profile, Unit 4 terminates and Units 1-3 are 

unaffected indicating the event was complete before the deposition of Unit 3. 

The reflections could represent packages of sediments which have been rotated to the 

north along the IAM-10 profile, south along the LG-11 and east along the SO 14 profile 

by a process such as along-profile extension, or the refiections could represent a reflective 

layer resulting from erosion and mass wastage of sediments from the adjacent basement 

high. The terminations of the main sediment sequence against the inclined reflections 

indicate that no further rotation or disruption of the package occurred following the 

deposition of the reflectors. 

These three sets of high amplitude dipping reflections are within the sediment 

sequence along the proflles studied. Here I consider two possibilities for the origin of 

these reflections—the erosion and mass wastage of sediments off an adjacent basement 

high and the rotation of a sediment package above a tilted basement block. 

If the dipping reflections represent tilted sediments, normal faulting in the opposite 
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Figure 5.10: Inclined sediment package east of a basement high on the SO 14 profile 
indicating either tectonic rotation of the sediments, or a possible slump deposit from 
the adjacent basement high. 

direction to the sense of rotation of the packages is required. That is, the fault plane 

would dip to the south on the I AM-10 profile, north on the LG-11 profile and west 

on the SO 14 profile. Reflections which may represent such faults are observed on the 

I AM-10 and SO 14 profiles consistent with this explanation. The shallow angle of dip of 

the strong reflections (5-20°) and the steep dip of the adjacent flanks of the basement 

highs (35-45°), suggests that the faults would have been active at 40-55°, similar to 

fault planes at mid-ocean ridges determined from earthquake focal mechanisms (e.g., 

Jemsek et al. 1986; Huang et al. 1986). 

Alternatively, the dipping reflections can be viewed as capping packages of sedi-

ments eroded from the adjacent basement high and deposited as less coherent packages. 

There are obvious 'basins' adjacent to the basement highs along the SO 14 and LG-11 
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profiles for the sediments to accumulate in, but no obvious basin along the I AM-10 

profile, and instead the appear to have collected on a 3 km wide ledge. 

The high amplitude reflections could represent a layer of more homogeneous mate-

rial eroded off the basement highs and capping these less coherent sediment bodies. The 

strength of the reflector could indicate that these layers are a different lithology with a 

greater density and/or velocity than the sediments below. Alternatively, the reflections 

could represent an upward growing reef or other carbonate deposit, or a layer of volcanic 

material. In the SIAP, Dean (2000) found that to align some of the deeper sediment re-

flections adjacent to basement highs along the CAM 144 profile, velocity anomalies were 

required, which he speculated could represent high velocity layers such as a carbonate 

deposit or a sill within the sediment sequence. However, below the reflections on the 

I AM-10 and SO 14 profiles, there are no reflections from sedimentary layers which could 

be improved in a similar way. 

Such reefs or carbonate bodies would give an indication of the subsidence rate during 

their growth. However, as similar features are not observed against basement highs 

elsewhere along the profiles, it seems unlikely that the strong reflections do represent 

reefs. Further, the crust in this region is oceanic which is unlikely to have experienced 

shallow water depths, unlike the thinned continental crust along the CAM144 profile 

where the velocity anomalies were noted (Dean 2000). 

Instead, the reflections could be volcanic deposits. However, they neither follow 

the sediment layers (c.f. a sifl) nor cross them (c.f. a dyke), instead, the reflections 

are between a package of layered sediment reflections and a package of less well layered 

sediments. Therefore, it seems unhkely that the reflections have a volcanic origin unless 

they represent volcanic deposits capping the less coherent sediments. 

The arguments presented above suggest that the high amplitude reflections are 

unlikely to be the result of the deposition of sediments with a different lithology—more 

consolidated, volcanic or reef/carbonate body above less well layered sediments. A 

tectonic rotation of the sediments is probably a more likely explanation and will be 

discussed further below. 

The sediments below the high amplitude reflection on the I AM-10 and SO 14 profiles 

(Fig. 5.9 and Fig. 5.10) may be more stratified than on the LG-11 profile, indicating 

that tectonic rotation of the sediments may be more likely. Such rotation would require 

a suitable mechanism—the most obvious being active faults disrupting the basement. 

The western flank of the basement high along the S014 profile (Fig. 5.10) was shown 



Chapter 5: Sedimentary Structures over the Early-formed Oceanic Crust 140 

earlier to be a normal fault extending into the basement (Fig. 4.12). The orientation 

of the fault matches that expected for producing the observed pattern of reflections, 

if the basement high was elevated and rotated by footwall uphft. While no equivalent 

faults were imaged on the I AM-10 profile near CDP1500, it is possible that the deeper 

basement reflections which dip to the north along the profile may also be suitable faults. 

As many of the intrabasement reflections dip to the south, footwall rotation would lead 

to sediment packages dipping to the north as observed. In both cases, the corresponding 

faults are not observed. 

/i(l + 5) 

Figure 5.11: An estimate of the amount of extension 5 due to a fault dipping at ip° 
and with 9° of rotation can be made by representing the length of the top of the tilted 
block by h and the extended distance between blocks by h{l + 5). A vertical difference 
between the elevation of the crests of the fault blocks is included as j. (a) Crust before 
extension broken by faults with an arbitrary dip, and (b) the crust after extension along 
those faults. Based on Fig. 4 of Le Pichon & Sibuet (1981). 

The amount of extension accommodated by these rotated blocks can be estimated 

based on estimates of the dip of the fault and the amount of rotation of the sediments 

(Fig. 5.11 and Equations 5.1 to 5.2). From Fig. 5.11, and following Le Pichon & Sibuet 

(1981), the fractional amount of extension can be determined as: 

h{l + 5) sin {6 + -4>') j 

h sinV'' tan('0') 
or, if the faults are parallel. 

(5.1) 

(5.2) 
sinip ^tan(^;) 

In this way, the amount of extension along the I AM-10 and S014 profiles can be 

calculated for an estimate of the length scale {h, Table 5.2). The lengths estimated for 

the extension apply only to the portion of the profile affected by the rotation, but an 

estimate of the amount of extension this may represent along the whole profile can be 

made by extrapolation of the amount of extension. If the extension determined from 

the rotated sediment packages on the I AM-10 profile is representative of the amount of 
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extension experienced over the width of the basement high shown (500 CDP), the total 

amount of extension along I AM-10 would be 8-15 km. 

Table 5.2; Estimates of the amounts of extension, h5 along the I AM-10 and S014 profiles 
as a result of footwall rotation (Figs. 5.9, 5.10 and 5.11). 

Profile i^typ [ ] 9 [°] 5 h [km] h5 [m 
IAM-10 35 5--10 0.12--0.23 5 600-1150 
S014 60 10--20 0.09--0.14 3 250-420 

The feature along the LGl l profile (Fig. 5.6), while similar to the features along 

the S014 and I AM-10 profiles, differs noticeably from those features in that the high 

, amplitude reflections do not extend to the basement surfaces at each end. Instead, the 

reflections terminate in the unreflective body adjacent to the basement high (Fig. 5.6). 

No faults are observed that may have led to footwall rotation. I suggest that this 

feature is therefore not due to tectonic rotation, but instead results from erosion from 

the adjacent basement high at the northern end of the LGl l profile. 

In conclusion, the features along the IAM-10, and S014 profiles probably share a 

similar origin—tectonic rotation of the footwall of normal dipping faults. The similar 

features on the LGl l profile are less likely to be the result of tectonic rotation. If these 

features are the result of tectonic rotation, an estimate can be made of the amount of 

extension required to produce them. 10-20° rotation suggests that there was up to 20% 

extension locally. 

5.4.4 Lenticular Features 

A lenticular package of sediments is observed between CDPs 4200 and 4650 on the 

IAM-10 profile (Fig. 5.12). The feature has a gently dipping northern flank, a more 

steeply dipping southern flank and a maximum height of 150-200 ms TWTT. Within 

the feature, reflections can be observed which are parallel to the basement surface while 

others are parallel to the upper surface of the feature. Reflections from the surrounding 

sediments truncate against both flanks of the feature which is located near the base of 

the southern flank of a basement high. The feature could therefore be related to erosion 

from the top of the basement high. 

A similar, but considerably larger, feature interpreted as being related to contourites 

was observed further east along the LG-12 profile between Shot Points 4680 and 4950 

(Besher et al. 1995). That feature was about 20 km long, and up to 300 ms TWTT 

high. Reflections within it were seen both parallel to the underlying sediments and 
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Figure 5.12: A small, 4 km long and 150 ms high, lenticular feature in Unit 4/5 along 
the I AM-10 profile. 

parallel to the upper surface of the feature. The feature on the LG-12 profile was also 

located at the base of a steep-flanked basement high, which was possibly fault bounded. 

The similarity between the features on the I AM-10 and LG-12 profiles, suggests that 

the feature on the I AM-10 profile could also be related to contourites which suggests 

the presence of deep water currents soon after the onset of sedimentation. 

In summary, high amplitude inclined reflections within the sediment and above less 

well layered sediment are likely to represent more coherent layers washed off adjacent 

basement highs. These features occur at several locations around the area studied 

and are often adjacent to the most shallow basement high along each proflles which 

agrees with the suggestion that they may be slumps or mass wasting due to deep water 

currents. Further indication of erosion from basement highs is given by the contour ite 

deposit observed along the IAM-10 profile (Fig. 5.12). 

5.5 In te rp re ta t ion and Discussion 

The sedimentary sequence has been shown to record an almost continuous succession 

of deposition between the late Cretaceous and Recent times, which can be dated by 

tracing reflections from the SIAP to ODP drillsites (Wilson et al. 1996). 

Along the east-west profiles, LG-12, LG-10 and 8014, the sediment sequence thick-

ens slightly towards the older crust to the east. However, the LG-12 proflle, which 

extends the farthest east, shows some thinning east of about Shot Point 1750 which 

is related to the Miocene compression (Wilson et al. 1996). Faulting and other de-
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formation indicates slight shortening of the profiles mainly restricted to pre-Miocene 

Units 3, 4 and 5. This shortening cannot be quantified accurately because of the poor 

velocity/depth constraints, but it is likely to be of the order of only a few percent of the 

length of the profiles—perhaps only a few kilometres. 

The north-south profiles, I AM-10 and LG-11 are roughly parallel, with LG-11 

~60 km west of IAM-10. The history of sedimentation along each profile is different 

to the other. The post-Eocene sediment sequence (Units 1-3) thickens to the south 

along the IAM-10 profile by 600 ms (^650 m), while it is a fairly uniform thickness 

along the LG-11 profile. The thickness of the pre-Eocene sediments (Units 4 and 5) is 

generally about 600 ms (~1 km), although it thickens to 1000 ms (~1.5 km) between 

the basement highs towards the northern end of the IAM-10 profile. 

Along the IAM-10 profile, the general trend of the pre-Eocene sequence. Units 4 and 

5, is parallel to the general trend of the top basement and it appears to be a conformable 

sequence from the initiation of sedimentation until the middle Eocene. The sub-parallel 

refiections in these units are parallel to the mid-Eocene reflection marking the top of 

Unit 4. 

The post-Eocene sequence. Units 1-3, along the same profile shows a divergent 

character between the Eocene and the Pliocene refiections, thickening from 350 m in the 

north to ^975 m in the south. The Phocene and Pleistocene sediments. Unit 1, have an 

approximately constant thickness of 100 to 200 ms (120-170 m) along the IAM-10 profile 

whereas along the LG-11 profile the Pliocene and Pleistocene deposits are slightly thicker 

at 200 to 300 ms (170-300 m) and the thickness of the Eocene to Pliocene sequence does 

not show any significant variation from north to south. These observations are consistent 

with the southwards and westwards thickening of the sediments observed in the SIAP 

(Wilson et al. 1996, 2001a). 

There appears to be a fundamental problem and an apparent contradiction in the 

observations above—the basement is on average no deeper at the southern end of the 

IAM-10 profile than at the northern end (Chapter 4, Fig. 4.25), yet the post-Eocene 

sediment sequence, Units 1-3, thickens by ~500 m to the south of the profile and the 

pre-Eocene sediment sequence. Units 4 and 5, thickens by '^450 m to the north. 

To determine the history of sedimentation along the IAM-10 profile, a model must 

be found in which the basement subsides to approximately the expected depth for the 

age and thickness of the crust and the sediment load. The sediment sequence is no 

thicker at the southern end of the profile than the northern end, yet Units 1-3 thicken 
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Figure 5.13: Cartoons illustrating the possible development of the IAM-10 profile either 
by (a) uplift of the northern end, or (b) by subsidence of the southern end of the profile, 
(c) Final configuration of the profile. 

to the south and there is also no evidence for erosion into the top of Unit 4. 

To achieve these requirements, the model must account for the southern end of the 

IAM-10 profile being initially elevated by ~450 m relative to the northern end of the 

profile. During the subsequent subsidence of the profile, the model must account for 

the differential subsidence of the northern and southern ends. Furthermore, the model 

should also account for the absence of any observed thickening of the sediments along 

the LG-11 profile. 

5.5.1 Elevation/Subsidence of the IAM-10 profile 

The sedimentation pattern observed along the IAM-10 profile indicates variations in the 

rate of subsidence at each end of the profile. These variations can be viewed as the 

result of three possible mechanisms: uplift of the northern end since the middle Eocene; 

delayed subsidence of the southern end of the profile; or differential compaction of the 

sediments along the profile. Each of these options will be considered in turn. 

The first two mechanisms are illustrated by the cartoons in Fig. 5.13. These are 

end-members of a continuous series of possibilities and the real process could involve a 

component of each. 
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The additional depth of the northern end of the I AM-10 profile compared to the 

southern end is consistent with the expected change in the basement depth calculated 

assuming isostatic equilibrium and 2 km thinner crust at the northern end of the profile 

compared to the southern end. While this may explain the initial difference between 

the depths at each end of the profile, it does not explain the additional subsidence at 

the southern end of the profile, or the additional uplift of the northern end of the profile 

between the Eocene and the Pliocene. 

Uplift of the Northern End of the I AM-10 profile 

In this model (Fig. 5.13a), the oceanic crust at the northern end of the profile was 

initially deeper than the southern end, resulting in a thicker pre-middle Eocene sediment 

sequence towards the north. The increase in sediment thickness could be the result of 

a higher sediment supply in the north, or the result of the increased subsidence of the 

thinner crust initially proposed in Chapter 4 from the gravity model of the I AM-10 

profile, or another tectonic mechanism. Between the Eocene and the Pliocene, the 

northern end of the profile was subsequently uplifted to be at roughly the same depth 

as the southern end and the post-Eocene sediments were deposited on the 'rotating' 

Eocene surface. 

The increasing thickness of the post-Eocene sediments to the south would indicate 

about 500 m of uplift of the northern end of the profile. The uplift may have been 

shghtly later than the coUision of Iberia with Europe in the Paleocene-Oligocene and 

the subduction of oceanic crust from the Bay of Biscay along the North Iberia Margin 

(e.g., Boillot et al. 1979b), but could still be related. 

The subduction of the southern margin of the Bay of Biscay along the North Iberia 

margin around Eocene-Oligocene time may have led to the uplift of Galicia Bank (GB) 

and the surrounding continental crust and up to 3000 m of displacement is noted on 

faults bounding GB to the north-west (e.g., Boillot et al 1979a). Boillot et al. 

(1979a) further suggested that the peridotite ridge and the 'transition zone' between the 

peridotite ridge and GB acted as a hinge zone for this movement and that the amount 

of displacement on the faults decreases to the south. These observations suggest that 

the oceanic crust south-west of GB may not be have been uplifted by the same process. 

More recent work on GB, however, has shown that GB is underlain by thinned 

continental crust (e.g., Whitmarsh et al. 1996b). Some uplift may still be expected, for 

example due to isostatic effects, but it is unlikely to be as much as the 3000 m proposed 

above. 
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The continental crust underlying GB is less dense than oceanic crust and there-

fore would be uplifted by more than the adjacent oceanic crust would if oceanic crust 

subducted beneath oceanic crust. Assuming isostatic equilibrium is maintained, if the 

uplift at the northern end of the I AM-10 profile was due to the subduction of the Bay 

of Biscay oceanic crust beneath the lAP, the lAP would be uplifted by more than the 

observed 450 m. Therefore, either the oceanic crust west of GB was not uphfted by 

the subduction of the southern margin of the Bay of Biscay, or it was sufficiently far 

from the subduction zone that the strength of the lithosphere restricted the uphft at 

the northern end of the I AM-10 profile to only 450 m. 

The half-width of the deformation can be estimated from the I AM-10 profile as 150-

200 km as the northern end of the profile is located about 100-150 km from the western 

extension of the North Spanish Trough which marks the location of the subduction zone 

in the southern Bay of Biscay. The flexural parameter (a) can then be estimated to be 

64-85 km. If we then assume that the water and mantle densities are 1.03 x 10^ kg m~^ 

and 3.3 X 10^ kg m~^ respectively, the elastic thickness of the plate can be estimated to 

be 25-36 km when the flexural rigidity, D, is 1 x 10^^-3 x 10^̂  N m, Young's Modulus 

is 70 GPa and Poisson's ratio 0.25. 

This estimate of the elastic thickness is comparable to the elastic thickness for crust 

loaded at 90-100 Ma (Watts & Zhong 2000), the age of the crust along the I AM-10 

profile at the onset of subduction of the Bay of Biscay (e.g., Boillot et al. 1979b). 

Therefore, the elevation of the northern end of the I AM-10 profile could be due to the 

flexural response of the oceanic crust to the southwards subduction of the Bay of Biscay 

oceanic crust. 

Subsidence of the southern end of the I AM-10 profile 

In this model (Fig. 5.13b) the additional thickness of Units 4 and 5 at the northern end 

of the profile is the result of the elevation of the southern end compared to the northern 

end before the Eocene. The southern end subsides between the Eocene and Pliocene by 

^450 m. The buoyancy force maintaining the elevation and the driving force for the 

subsequent subsidence of the southern end is perhaps unclear in this case. 

Possible mechanisms which may have driven the subsidence include an isostatic 

adjustment effect, thermal influence of a mantle plume or relaxation of the hthosphere 

following compression. The oceanic crust at the southern end of the I AM-10 profile 

is about 2 km thicker than the crust at the northern end and, if isostatic equilibrium 

is assumed, the northern end of the profile would be about 0.5 km deeper than the 
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southern end. This is consistent with the initial depth of the northern end of the profile, 

but does not explain the additional depth which developed between the Eocene and the 

Pliocene at the southern end. 

If there was compression leading to the elevation of the southern end of the profile 

and the compressive force was removed, this could produce a buckhng of the hthosphere 

which later subsided. The buoyancy force elevating the southern end would be the 

compressive force in this case. However, the known periods of compression which have 

affected the West Iberia margin occurred in the middle Eocene and middle Miocene and 

may not match the timing required. Therefore, it appears unlikely that the elevation of 

the southern end of the I AM-10 profile was due to a compressive event. 

Estimating the elastic thickness of the plate that this model would predict confirms 

this conclusion. If the half-width of the deformation is taken to be the 75 km wavelength 

of the basement topography observed along the I AM-10 profile, a can be estimated as 

32 km. If the water and mantle densities, Youngs' Modulus and Poisson's ratio are 

as above, the elastic thickness of the plate can be estimated to be 10 km when D is 

6 X 10^ N m. 

The elastic thickness calculated in this way is lower than the elastic thickness calcu-

lated elsewhere for similar age oceanic crust (e.g., Watts et al. 1997; Minshull & Charvis 

2001). The apparent elastic thickness can be reduced by several factors, including the 

mantle potential temperature and underestimating the half width of the deformation. 

If the lower elastic thickness in this case is due to underestimating the half width of 

the deformation, it would suggest that deformation observed along the IAM-10 profile 

is only part of the whole structure. 

The third suggestion, that there was a thermal anomaly which affected the southern 

end of the profile, can also be ruled out on the observation that there appear to be no 

other indications of a mantle plume or mantle thermal anomaly west of Iberia. Elsewhere 

in the North Atlantic, where the oceanic crust is influenced by a mantle plume, the 

thickness of the crust is increased (White et al. 1992) and there is a significant gravity 

anomaly. While the thickness of the oceanic crust along the IAM-10 profile does increase, 

the gravity anomaly at the southern end of the profile is less than would be expected if 

there was a thermal anomaly due to a mantle plume. 

Units 4 and 5 were deposited between the basement highs at the northern end 

of the profile, and on the elevated basement at the southern end. The post-middle 

Eocene subsidence of the southern end was gradual, leading to the divergent nature of 
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the post-Eocene sediments and the absence of terminations on to the middle Eocene 

surface. 

Differential Compaction along the IAM-10 profile 

In this final model, the increase in the thickness of Units 1-3 is the result of the sediments 

at the northern end of the profile compacting more than the sediments at the southern 

end. This variation could be the result of a change in the grainsize of the sediments, 

for example, from finer, more distal sediments in the south, to coarser, more proximal 

sediments in the north. However, neither end of the profile is closer to a sediment 

source than the other—the southern end is separated from the continental shelf by the 

SIAP and the northern end by the shallow Galicia Bank and the Galicia Interior Basin 

between Iberia and Galicia Bank. 

This possibility can also be ruled out because the change of porosity which would be 

required to produce the observed change in thickness is greater than could be reasonably 

expected for those sediments within the identified stratigraphy (Table 5.1). It therefore 

seems unlikely that differential compaction could be the mechanism which led to the 

formation of the observed depositional sequence. 

Subsidence of the LG-11 profile 

If the models described above apply to the studied area, they must also be able to 

explain the observations along the LG-11 profile, about 60 km west of the IAM-10 

profile. Based on the seafloor ages determined by interpolation between the MO and 

A34 magnetic anomalies it can be estimated that the LG-11 profile is over crust which 

is about 6 m.y. younger than the crust along the IAM-10 profile. Therefore, the crust 

along the LG-11 profile formed before the Eocene subduction along the North Iberia 

margin, so the uplift or subsidence determined along the IAM-10 profile may also have 

affected the LG-11 profile. 

The amplitude of the uphft or subsidence is unlikely be as great along the LG-

11 profile as along the IAM-10 profile, especially if the cause of the uplift is located 

north of Gahcia Bank. In this case, the amount of uplift along the LG-11 profile may 

not be resolvable through seismic reflection profiling as it will have been attenuated 

greatly by the strength of the lithosphere. If the observed pattern along the IAM-10 

profile was the result of the subsidence of the southern end of the IAM-10 profile, some 

subsidence may also be expected along the LG-11 profile, unless the mechanism which 

led to the subsidence of the IAM-10 profile had a very localised effect both spatially and 
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temporally. 

In conclusion, the most likely explanation for the observed pattern of deposition 

along the IAM-10 profile is around 400 m of uplift of the crust at the northern end of the 

I AM-10 profile relative to the crust at the southern end between the middle Eocene and 

the Pliocene. This explanation is consistent with the observations along the IAM-10 

and LG-11 profiles. 

5.5.2 Shallow Water Depths? 

The high amplitude dipping reflections along the IAM-10, 8014 and LG-11 profiles were 

earlier interpreted as resulting from more homogeneous deposits capping inhomogeneous 

slump deposits eroded from adjacent basement highs. If this were so, and the sediment 

source was the adjacent basement high, the cause of this erosion must be determined. 

The erosion could be due to shallow water depths, deep-water currents or oversteepening 

of the basement high. If the erosion were due to shallow water depths, rapid subsidence 

to the current water depth of ^ 5 km, would be required in the last 40 m.y. (based on 

ages from Cande & Kent 1992, 1995). This rate of subsidence is faster than would be 

reasonably expected, doesn't match ODP results (Wilson et al. 1996), and therefore 

the water depth was probably not shallow enough for subaerial erosion to have occurred. 

If the erosion was the result of deep-water currents, the reason why only the shal-

lowest highs along each profile were affected must be determined. It is possible that the 

currents only affected a certain water depth or range of depths, similar to the Mediter-

ranean outflow further south. The water depth can be estimated by applying the model 

of Parsons & Sclater (1977) and assuming that the current was active before the middle 

Miocene, at about 40 Ma. If the seafloor had formed at a mid-ocean ridge system at a 

depth of 2.5 km below sea level, the basement would be expected to be about 4.8±0.1 km 

below sea-level. The eroding current must be at a depth up to 1-2 km shallower than 

this depth—2.8-4 km. 

Finally, if the erosion was the result of the oversteepening of basement highs, a 

mechanism leading to the oversteepening is required. A possible mechanism would be 

motion along normal faults leading to foot wall uplift. Reflections which were earlier 

interpreted as normal faults were observed at the base of some of the basement highs 

associated with these deposits, and the flanks of the basement highs have dips of 40° 

to 80°. These dips are consistent with the dips expected of active normal faults (e.g., 

Jemsek et al. 1986), and thus oversteepening could be a likely mechanism leading to 
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the deposition of the sediments. 

In conclusion, the current depth of the seafloor and basement are inconsistent 

with the hypothesis that they were located at shallow water depths before the middle-

Miocene. This argument strengthens the conclusion that the observed high amphtude 

inclined reflections along the IAM-10, LG-11 and S014 profiles are unlikely to be from 

reefs or carbonate deposits. The presence of possible contourite deposits along the IAM-

10 profile suggests that deep water currents were acting in the Eocene-Miocene, thus 

the suggestion that the deposits associated with the inclined reflection events could be 

due to similar currents at 3-4 km depth. However, the interpretation that the sediments 

were deposited as a result of oversteepening, or are inclined sediment packages cannot 

be ruled out. 

If the deep-water currents were gravity controlled, they may flow east to west, away 

from the continental shelf, or south to north, away from the relatively elevated region 

at the southern end of the IAM-10 profile. The associated deposits would be located 

at the base of the northern and western flanks of the basement highs. The potential 

slump deposits along the IAM-10 profile (Fig. 5.9) and the LG-11 profile (Fig. 5.6) are 

located to the north and west of the basement highs as expected. The contourite deposit 

along the IAM-10 profile (Fig. 5.12) and the deposit along the S014 profile, however, 

are located at the base of the opposite flank of the basement highs. Thus, while some 

of the deposits may have been due to regional gravity driven deep-water currents, other 

deposits were associated with more locahsed currents. 

5.6 Summary/Conclus ions 

The analysis of the sedimentary sequence along the profiles collected over some of the 

early formed oceanic crust in the lAP has shown: 

(1). The reflections from the sediments are strong, continuous along each profile and 

can be traced between the profiles despite differing acquisition and processing 

parameters. 

(2). The seismic stratigraphy along the studied profiles is comparable with the seismic 

stratigraphy determined for the sediments in the SIAP. 

(3). The IAM-10 profile has experienced differential subsidence along its length during 

its development. The most prominent feature is that the northern end was uplifted 

by 400 m relative to the southern end between the middle Eocene and the Pliocene, 
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probably by a reduction in the rate of subsidence of the northern end compared 

to the southern end of the profile. 

(4). Footwall rotation of the basement has formed rotated sediment packages adjacent 

to basement highs along the IAM-10 and 3014 profiles. 

(5). The amount of extension along the IAM-10 and SO 14 profiles due to the footwall 

rotation is estimated to be 8-150 km. 

(6). Deep water currents resulted in the deposition of contourite deposits and the 

erosion of the top of the highest parts of the L G l l profile. 



CHAPTER 6 

Discussion and Conclusions 

6.1 Implications for P la te Reconstruct ions 

Structures suggesting both extension and compression in the seismic reflection profiles 

imaging the early-formed oceanic crust and overlying sediment sequence may have impli-

cations for reconstructions of the plates back to the time of rifting. These reconstructions 

may be further complicated by the observation of the uplift west of Galicia Bank and 

the inferred fracture zone (Chapter 4) west of the peridotite ridge. 

6.1.1 Margin Parallel Extension 

Small amounts of north-south extension, perhaps only 8-15 km (Section 5.4.3) based 

on the rotated sediment package along the margin parallel, I AM-10 profile, are seen. 

Regional events which may have led to a component of compression in a north-south 

direction along this profile were identified and discussed in Chapter 5, and this com-

pression may have reduced the apparent extension observed in the seismic profiles. 

If the extension observed was produced at the time of crustal formation, and the 

amount of compression is neghgible, the north-south extension may have been formed 

by stretching oblique to the profile, by along-profile extension similar to that observed 

in the western North Atlantic (Morris et al. 1993) or by another process, for example, 

the uplift seen at the northern end of the I AM-10 profile (Chapter 5). The amount of 

extension observed is comparable to that seen in the ridge-parallel profiles in the western 

North Atlantic (Morris et al. 1993) and the uplift of the region west of Galicia Bank 

(GB) identified in Chapter 5 may have resulted in the observed extension of the oceanic 

crust along the IAM-10 profile (Fig. 5.13). 

The IAM-10 profile is oriented roughly normal to the predicted direction of ex-

tension. While there may have been obhque stretching in the SIAP before breakup, 

arguments against north-west-south-east stretching were given in Chapter 2, and these 
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may also hold for the period in which the early-formed oceanic crust was formed. Thus, 

the observed extension was probably not entirely due to obhque stretching. 

Alternatively, the extension could be the result of the uplift of the region west of 

GB. In this case, the normal faults may be expected to occur more frequently in the 

north and east and less frequently away from GB. Dipping reflections, interpreted as 

possible normal faults, are observed throughout the studied profiles, so this decrease 

is not observed. Along-profile extension as a result of the uplift cannot be ruled out, 

but if all the dipping reflections along the LG-11 and IAM-10 profiles are normal faults 

indicating margin-parahel extension, another mechanism must also be active. Thus the 

extension observed is most likely to be the result of a combination of along-axis extension 

and the uplift of the region west of Galicia Bank. 

6.1.2 Margin Normal Extension 

In Chapter 2, although the fast velocity direction found was not margin normal, the 

stretching direction in the SIAP before continental breakup was inferred to have most 

likely been oriented roughly east-west, normal to the West Iberian margin. The stretched 

mantle was subsequently 'rotated' by motion along low-angle normal faulting. Some un-

certainty was placed on this direction of stretching, but this direction is consistent with 

the observation of roughly north-south oriented seafloor spreading magnetic anomalies 

and basement highs west of the peridotite ridge (e.g.. Fig. 4.2). Similarly oriented nor-

mal faults have also been imaged in the continental crust west of Galicia Bank (Boillot 

et al. 1979a) indicating east-west extension. Normal faults extending from the base-

ment surface into the middle crust were observed in the SO 14 and LG-10 profiles and 

suggested smaU amounts of east-west extension, consistent with these observations. 

6.1.3 Fracture Zones 

As with the West Iberia margin, the conjugate, Newfoundland margin, shows no trace 

of the fracture zone (Section 4.7.5) adjacent to the margin in the satellite free-air gravity 

anomalies (Fig. 6.1). The J anomaly is also identified in the Newfoundland basin, and 

appears to be more segmented than on the West Iberia margin (Fig. 6.1), although this 

may be due to the limited distribution of shiptracks which were used to construct the 

magnetic anomaly chart from which the anomaly was picked. However, if the fracture 

zone is rotated from the lAP to the Newfoundland Basin by the rotation pole of Srivas-

tava et al. (2000) for MO, as on the West Iberia margin there is no identifiable offset 
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in the J anomaly (Fig. 6.1) as a result of the fracture zone. 
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Figure 6.1: Reconstruction of satellite free-air gravity anomalies (SandweU & Smith 
1997) east of Newfoundland and from west of Iberia at MO based on the pole of rotation 
for Iberia at that time (Srivastava et al. 2000). The IAM-10 profile and the fracture 
zone (FZ) in the lAP are rotated by the same angle about the same pole of rotation. The 
white dashed line indicates the location of the J anomaly on the Newfoundland margin 
and the green dashed line indicates the location of the J anomaly rotated from West 
Iberia. The red lines indicate the location of the profiles collected during the SCREECH 
experiment (e.g., Louden et al. 2000). The gap between the reconstructed J anomalies 
suggests that to the south, J is older than MO (Srivastava et al. 2000). The question 
marks indicate where the J anomaly has been interpolated/extrapolated for this figure. 
ES—Estremadura Spur, GB—Galicia Bank and SIAP—Southern Iberia Abyssal Plain. 

Comparison between the satellite free-air gravity anomalies of each margin (Figs. 1.6a 

and 6.1) suggests that the gravity low at the southern end of the IAM-10 profile is not 

present on the Newfoundland margin. This is confirmed by rotating the CDP locations 

of the IAM-10 profile by the rotation pole of Srivastava et al. (2000) for MO towards 
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the Newfoundland margin, and comparing the anomahes along this rotated profile with 

the gravity anomalies along the IAM-10 profile west of Iberia (Fig. 6.2). 
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Figure 6.2: Comparison of the free air gravity anomalies along the IAM-10 profile in the 
lAP and along the IAM-10 profile rotated around the rotation pole of Srivastava et al. 
(2000) for MO. 

The absence of the gravity anomaly low in the Newfoundland basin suggests that 

the feature that formed the anomaly in the lAP was not active at the time of the rift. 

Thus, if the gravity low is related to the fracture zone inferred in Chapter 4, the fracture 

zone would have had to have formed away from the ridge, and would not be a fracture 

zone in the normal sense; or if the gravity low is the result of a deformation event, the 

event must have only affected the West Iberia margin—i.e. it occurred after the crust 

at the youngest end of the fracture zone had formed. 

The observation that there is no corresponding gravity low in the Newfoundland 

basin is consistent with the suggestion that the low is related to the mid-Eocene event 

observed and discussed in Chapter 5. That event was the subduction of the southern 

margin of the Bay of Biscay oceanic lithosphere beneath the Galicia Bank region. There 

was no corresponding subduction/compression event on the western side of the Atlantic. 

Therefore, there seems to be confirmation that the gravity low at the southern 

end of the IAM-10 profile was formed by an event which only affected the West Iberia 

margin, rather than both the West Iberia and Newfoundland margins. 

The deformation as a result of this event is located away from the active plate 
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boundaries, where most of the deformation is expected to occur according to the theory 

of plate tectonics. A region of intraplate deformation has been extensively reported in 

the central Indian Ocean (e.g., Weissel et al. 1980; Bull & Scrutton 1992; Krishna 

et al. 2001). Bulging of the lithosphere was often accompanied by reverse faults imaged 

on seismic reflection profiles (Bull k Scrutton 1992). A major unconformity resulting 

from the deformation was dated by the Ocean Drilling Program and indicates significant 

deformation began at 8.0-7.5 Ma (e.g.. Party 1987; Cochran 1990). 

Reverse faults were not identified in the MCS from the I AM-10 profile, and in-

traplate earthquakes have been reported from other ocean basins, but source locations 

have not located them to the lAP (National Earthquake Information Centre 2003). 

Therefore, the deformation that led to the uplift of the northern end of the I AM-10 

profile is not currently active and no longer fracturing to produce earthquakes. 

The stratigraphy along the I AM-10 profile suggests that the effects of the uplift are 

apparent in Units 2 and 3. The base of Unit 3 corresponds in time with the subduction 

at the southern margin of the Bay of Biscay, and the period also covers the other major 

compressional phase identified west of Iberia—in the Miocene. Uplift as a result of the 

subduction at the southern margin of the Bay of Biscay is therefore the more likely 

explanation. 

In conclusion, the extension and compression observed in the oceanic crust west of 

the peridotite ridge may have a minor effect on reconstructions, which is insufficient to 

significantly affect any reconstructions of the North Atlantic region. The fracture zone 

observed in the lAP will also only have a minor effect, because of its small displacement 

and limited time of activity. Thus the discrepancies between the locations of the Grand 

Banks of Newfoundland and Gahcia Bank in the reconstructions based on previously 

published poles (Srivastava et a/. 1990; Sibuet & Collette 1991; Olivet 1996; Srivastava 

et al. 2000) of rotations cannot be solely the result of the extension and compression 

or the fracture zone observed west of the peridotite ridge. 

6.2 Implications for Rif t Propaga t ion 

Various features identified in the basement of the seismic profiles studied in this thesis 

have implications for the development of the mid-Atlantic rift system and the prop-

agation of the rift. These include the thickness of the crust, the strength of the top 

basement refiection event and the similarities between the oceanic crust along the pro-

files and normal oceanic crust. 
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The thickness of the oceanic crust formed depends on several factors, including the 

mantle potential temperature which affects the supply of melt from which the crust is 

formed and the proximity of fracture zones. The spreading rate appears not to have a 

significant effect on the crustal thickness at rates over 20 mm yr"^ full rate; at ultra-slow 

spreading rates, the crustal thickness is affected by the spreading rate (Bown & White 

1995; White et al. 2001), The oceanic crustal thickness along the I AM-10 profile 

was generally within the thickness limits of normal oceanic crust (White et al. 1992), 

however, variations in the crustal thickness were noted and attributed to the presence 

of the fracture zone (Chapter 4). 

Underplating and reflections from the mantle have been associated with the prop-

agation of rifts through oceanic crust (Calvert et al. 1990; Hasselgren et al. 1992). 

However, the propagation of the proto-Mid-Atlantic Ridge here was not through oceanic 

crust, and these features may not be observed. Instead, the underplating would be ex-

pected beneath continental crust, or beneath crust which was definitively neither oceanic 

nor continental in origin, for example, the zone of exhumed continental mantle in the 

SIAP. Reflections with a possible upper mantle origin were observed along the I AM-10 

profile, and could be consistent with the propagation of the rift. It has also been shown 

that there may have been some along-profile extension which could be associated with 

propagation of the rift. 

Strong top-basement reflection events were interpreted as lava flows onto the base-

ment or only a thin veneer of sediments in Chapter 4. If these were formed during or 

soon after breakup, their distribution on either side of the rift may be approximately 

symmetrical. The existence of these lava flows would indicate either a temporarily ele-

vated magma supply, or a breakout onto the flanks of the rift system. In each case, there 

would appear to be additional melt in the rifting system which could also be associated 

with propagation of the rift. 

In conclusion, the propagation of the proto-Mid-Atlantic Ridge through the thinned 

continental crust, or exhumed mantle, west of Iberia, was associated with increased 

magma supply leading to lava flows at, or near, the basement surface and upper-mantle 

reflectivity. The thickness of the oceanic crust formed as the rift propagated was only 

slightly thinner than normal oceanic crust. 
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6.3 The Newfoundland Margin 

Rifting of the continental lithosphere and the onset of seafloor spreading leads to the 

formation of a pair of continental margins. To fully understand the processes involved in 

the formation of the margins, both margins in the pair must be studied. The conjugate 

margin to the West Iberia margin is the Newfoundland Margin around 44°N. 

Less geophysical data has been collected over the Newfoundland margin than the 

West Iberia margin, although the datasets do include the Lithoprobe MCS profiles (e.g., 

Keen & Potter 1995) seismic refraction profiles (e.g., Reid 1994), the SCREECH survey 

in 2000 (Louden et al. 2000; Holbrook et al. 2000; Hopper et al. 2000; Hall et al. 

2001). Of these, the SCREECH survey is the most relevant to this thesis being in 

a region conjugate to the studied region. The survey involved two-ships and included 

the acquisition of seismic reflection and refraction profiles along three margin normal 

transects which were roughly conjugate to the ODP Leg 103 transect west of Galicia 

Bank, the ODP Leg 149/173 Transect in the SIAP and a third 120 km to the south. 

Magnetic and gravity profiles were also collected and grids of seismic refiection profiles 

were acquired around the main transects while the OBS were deployed along the next 

transect. Heat flow profiles were then collected while the refraction and reflection profiles 

were acquired. 

The results so far obtained on the Newfoundland margin suggest that there could 

be a transition zone between true oceanic crust and true continental crust similar to 

the zone of exhumed continental mantle observed in the SIAP (Louden et al. 2000; 

Minshull et al. 2001). Velocity models determined along refraction profiles in the 

Newfoundland Basin were initially interpreted as indicating oceanic crust (Todd &: Reid 

1989), but recent work suggests that the velocity structure more closely resembles the 

velocity structure in the ZECM (Dean 2000; Louden et al. 2000). 

A full ODP leg (Leg 210) has been proposed and is scheduled for 2003 to sample the 

sediments and possibly the basement in the Newfoundland Basin by one deep hole. The 

results of this hole may then form the basis for further drihing and possibly the drilling 

of a transect comparable to, and conjugate to, the Leg 149/173 transect in the SIAP. No 

margin-parallel deep seismic reflection proflle comparable to the I AM-10 profile exists 

in the Newfoundland Basin, making direct comparison of the features observed on the 

I AM-10 profile with the Newfoundland Basin difficult. 
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6.4 Fur ther Work 

The first part of this work revealed a anisotropic upper mantle with the fast P-wave 

velocity direction obliquely oriented with respect to the margin and the current stretch-

ing direction in the north Atlantic. This obliquity was attributed to the rotation of the 

upper mantle in the footwall of low-angle normal faults which exhumed the continental 

mantle. No significant melt products have been identified or inferred in the SIAP as-

sociated with this exhumation and so, the processes involved in the exhumation of the 

mantle require further investigation to explain the absence of melt products. 

If the West Iberia margin formed by extension along low-angle detachment faults, 

the Newfoundland margin could be considered, in terms of pure and simple shear, as the 

upper plate margin, formed by simple shear. However, simple shear on a lithospheric 

scale would produce strongly asymmetric margins, yet the Newfoundland and West 

Iberia margins are broadly symmetric based on wide-angle seismic profiles (Dean et al. 

2000; Reid 1994). To overcome this problem, analysis of similar datasets on the 

Newfoundland margin is required. These have only recently been collected, and are 

currently in the process of being analysed. The ODP driU site in the Newfoundland 

Basin has yet to be drilled, and subsequent drilhng is dependent on the results from 

that site. Drilling of a similar transect to the Leg 149/173 transect in the SIAP will 

have to wait until the Integrated Ocean Drilhng Program. 
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6.5 Conclusions 

This thesis set out to address four questions and problems related to the development 

of the West Iberia margin. These were: 

i. What was the original stretching direction in the SIAP? 

ii. How 'normal' is the earliest formed oceanic crust? 

iii. Do the margin-normal structures give any clues to the effects of any northwards 

propagation of the proto-Mid-Atlantic Ridge? 

iv. What can the seismic stratigraphy in a region of early formed oceanic crust tell 

us about the uplift history of the margin? 

Analysing the travel time residuals of seismic rays through a three-dimensional 

model of the SIAP built up from previously determined velocity profiles enabled the 

original stretching direction to be suggested. An azimuthally dependent curve was 

fitted to the residuals using a least-squares approach, revealing a fast velocity direction 

oriented N142°E. While the fast velocity direction found from similar studies in oceanic 

settings have revealed the plate spreading direction, it was not possible to reconcile the 

direction found with other observations at the margin. Instead it was shown that the 

original stretching direction was oriented more east-west and rotated by the rotation of 

the upper mantle by motion along low angle detachment faults oriented obhque to the 

normal to this direction. 

The minimum and maximum velocities sampled were determined from the az-

imuthally variant curves fitted to the travel time residual data and the degree of anisotropy 

was determined to be 5-6%, consistent with other anisotropy experiments reported in 

the literature. The depth of penetration into the velocity model was determined by 

employing a simple ray-tracing method which indicated that the rays sampled a region 

between 3 and 7 km below the top of the basement. The average velocity sampled and 

the degree of anisotropy between these depths was consistent with other determinations 

of anisotropy and hence degree of serpentinisation. 

The acoustic basement along seismic reflection profiles collected over some of the 

earliest formed oceanic crust west of Iberia has been shown to have similar properties to 

that of 'normal' oceanic crust formed away from hotspots, fracture zones and marginal 

basins. The crust was reflective along all of the profiles to 11-12 sees TWTT. Strong 
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reflections at the top of the basement were interpreted as being lava flows emplaced at the 

basement surface, or on a thin veneer of sediments. Dipping reflections in the basement 

were interpreted as normal faulting near the top of the basement and sub-horizontal 

reflections were interpreted as out-of-plane energy and previous shot multiples. 

The thickness of the crust was 6±1 km and its density structure was comparable 

to normal crust. Variations of the thickness and density structure were found at the 

southern end of the IAM-10 profile. These observations are consistent with the presence 

of a fracture zone, with the lower crust having a 10% lower density in the fracture zone 

than the rest of the profile. The crust at this point on the profile was also thinner by 

up to 2 km which was consistent with the presence of a fracture zone in oceanic crust 

formed between 125±5 Ma and 110±5 Ma. A significant load anomaly along this profile 

did not exceed the limits of the strength of the oceanic lithosphere, and therefore was 

not associated with additional faulting. 

There is no evidence for the fracture zone in the Newfoundland Basin. The fracture 

zone was therefore not active at the spreading ridge, and instead formed as a result of 

local stress conditions in the lAP after the creation of the oceanic crust. 

The post-rift stratigraphy over the early-formed oceanic crust was determined by 

tracing the seismic stratigraphy identified in the SIAP (Wilson et al. 1996) to the west 

and between the MCS profiles studied. A generally conformable sediment sequence, 

with high amplitude continuous reflections, was identified and deformation within it 

dated to be comparable with the middle-Eocene and middle-Miocene events which were 

also identified west of Iberia. 

Finally, differential subsidence was identified along the IAM-10 profile, with the 

pre-Eocene sediments thicker at the northern end of the profile, and the post-Eocene 

sediments thicker at the southern end of the profile. This was suggested to be the result 

of the elevation of the northern end of the profile, probably a result of the southwards 

subduction of the oceanic hthosphere in the Bay of Biscay at Paleocene-OUgocene times. 
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A P P E N D I X A 

Source code for Sine Curve Fi t t ing 
Routines 

T h e for t ran source code for the p rogramme wr i t t en to fit a best- f i t t ing curve of the 

form 5t = ao + Oi cos 29 + 02 sin 29 + 03 cos 40 + 04 sin 49 used in Chap te r 2, is included 

below. Also included are the source code for t he SVD rout ines used (svd_routines.f, 

Section A.2) and a util i ty p rogramme which tes ted the ability of fit_sines.f to resolve 

the curve pa ramete r s accurately (test.fQO, Section A.3). 

A . l Sine curve f i t t ing p r o g r a m m e 

c 
c program: 
c fit_sines 
c 
0==== = = = = = = = = = = =:==:=:== = —= === ==—= = = =====: ===—== ===—== = = = = = = = 

c 
c description: fits a curve of the form 
a dt=e+acos(2x)+bsin(2x)+csin(4x)+dsin(4x) 
c to the azimuth/residual/error data 10 
c using a Singular Value Decomposition Technique from 
c Press et al. (1992) 
c 
0======================================================== 

c 
c Input: 
c file containing 
c azimuth measured from North 
c residual time (from JIVE (Hobro et al. 2003)) 
c estimated error associated with the pick and residual 20 
c 
c the file can be specified on the command line, or by subsequent 
c entry 
c 
c======================================================== 

program fit_sines 

178 
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c define variable block 
c count, j; general purpose counter 30 
c azi; array of azimuths (radians) 
c res/ array of residuals 
c err; array of errors 
c mat_u, mat_v, mat_w; 
c arrays used in the SVD technique 
c a, a_2th, a_null; 
c coefficients of the curve - full, 
c 40, solution, 29 limited solution 
c and isotropic solution 
c chisq, chisq_2th, chisq_null; 40 
c values for the solutions 
c var_a4, var_a2, var_anull; 
c Variance on each parameter 
c fastdirn, slowdirn; 
c determined fast and slow directions 
c fast2, slow2; 
c fast and slow directions for the 29 case 
c f_err4, s_err4.-
c errors on the directions of the full solution 
c ncov; Number of coefficients used to fit sine curve 50 
c file_nanie.' File to read the input data from 
c azLin; Azimuth read in (degrees) 
c f_2n, f_4n, f_24; 
c F-Test results between 
c Isotropic (n), 29(2) 
c and 4:9(4) solutions 
c 
C = = = = = = = = = = = = = = = = = ^ = = = = = = =: = = = = = = = = = = —==: = = = = = = = = = = = = = = = = : = = 

i n t ege r count 
real*8 azi(50000), res(50000), err(50000), 60 

& mat_u(50000,5), mat-v(5,5), mat_w(5) 

real*8 a(5), chisq, var_a4(5), variance4 
real*8 a_2th(5), chisq_2th, var_a2(3), variance2 
real*8 a_null, chisq_null, var_anull, variance_null 
real*8 fastdirn, slowdirn 
real*8 f_err4, s_err4 

in teger ncov 
in teger j 70 

cha rac te r* 100 file_name 

real*8 aziJn 

real*8 f_2n, f_4n, L24, fast2, slow2 

C = = = = = = = = = = = = = = = = = = = = = = = = = = : = = = = = = = = — = = = = = = = = = = = = = = = = = = = = = 

c functions to convert from degrees to radians and back 80 
c======================================================== 

real*8 degrees_to_radians, radians_to_degrees 

0======================================================== 
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c functions involved in the sine-curve fitting 
c fsine, fsine2, fsine_null; define the fitted curves for the 
c 49, 29 and Null (isotropic) cases 

external fsine, fsine2, fsine_null 
external fsine_deriv, fsine_deriv2, fsme_deriv_null 90 

0 === === = = = = = = === ===== ===: ==—=== =======:= = === = = = ====: = === = === 

c Other functions 
c sine_curve; calculate the value of the curve for the given 
c parameters and azimuth 
c calc-variance; Calculate the variance of the solution 
C = = = = = : = = = = = = = = = = : = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = —— = = = = = 

real*8 sine_curve, calc_variance 

C = = = =: = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 100 

c Output files which contain the results of the curve fitting 
c along with the statistics associated with the fit. 
0 = = = ====:= = = === = =:===== = ===== =====—===== = —= = = = ==—— = = = = = = = = = 

o p e n (101, f i l e = ' n u l l _ c u r v e _ r e s u l t s ' , access=' append' ) 
o p e n (102, f i l e = ' 2 t h _ c u r v e _ r e s u l t s ' , access= 'append ' ) 
o p e n (103, file='4th_curve_results', access=' append ' ) 

C=:—= = = = = = = = = = =: = —=— — = = = = = — = = = — = = — = = = = = — = = = = = = = = = = = = = = = = = = = 

c read in parameters 110 
0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

j=iargc() 

if (j.eq.O) t h e n 
c if the data file is not given on the command line, get it from std-in 

w r i t e (0,*) ' E n t e r name of f i l e t o t a k e t h e r e s i d u a l ' , 
& ' d a t a from: ' 

r e ad (*,*) file_name 
else 120 

c otherwise get the name of the data file from the command line. 
call getarg(l, file_name) 

endif 

w r i t e (0,*) 'F i lename: ' , file_name(l:lnblnk(file_name)) 

c======================================================== 

c read in observations 
c======================================================== 

o p e n (10, file=file_name(l:lnblnk(file_name))) 130 
count=0 

10 r ead (10, *, e r r = l l , end=12) aziJn, res(count+l), 
& err(count+l) 

c convert the azimuth to radians 
azi(count+l)=degrees_to_radians(aziJn) 

count=count4-l 

if (count.It.50000) go to 10 
12 w r i t e (0,*) 'Read in a l l d a t a p o i n t s ' 

140 

c======================================================== 
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c open output file which will contains a summary of all the fits found 
C = — — = = = = = = = = = = = = = = = = = = = = = = = = — = = = = = = = = = — = = = 

o p e n (15, file='svd_output ' / /fi le_name(l:lnblnk(file_name)), 
& s t a tus= ' unknown') 

c calculate fit for 
c (a) no anisotropy 150 
0 = = =:=: = = = = = = = === = —— ==—====—============ === ====== = = ====:==—= 
c ncov holds the number of terms which are being fitted. 
c ncov=l = = just dc term 
0======================================================== 

ncov=l 
call svdfit (azi, res, err, count, a_null, ncov, mat_u, mat_v, 

&L mat_w, count, ncov, chisq_null, fsine_null) 
c calculate variance of the fit 

do 171 i= l , count 
variance_null=variance_null+(sine_curve(a_null, OdO, OdO, 160 

& OdO, OdO, azi(i))-res(i))**2 
171 con t inue 

variance_null=variance_null/dble(count) 
c calculate variance on parameters 

var_anull=dsqrt (calc_variance(mat_v, ncov, ncov, mat_w, i)) 

c output results 
w r i t e (15, *) 'No Anisotropy Case' 
w r i t e (15, 
w r i t e (15, 
w r i t e (15, 
w r i t e (15, 
w r i t e (15, 
w r i t e (15, 

(a3, X, f l O . 2 ) ' ) 'X"2 ' , chisq_null 
(a8, X, f 9 . 5 ) ' ) 'Va r i ance ' , variance_null 170 
(a5, X, i 5 ) ' ) 'Count ' , count 
( a l 6 , X, f 9 . 4 ) ' ) 'Curve p a r a m e t e r s ' , a_null 
(alO, X, f 9 .4) ' ) ' s t d e r r o r s ' , var_anull 

c (b) 2-theta anisotropy 
c ncov=3 = = dc, sin 20 and cos 20 

ncov=3 180 
call svdfit (azi, res, err, count, a_2th, ncov, mat_u, mat_v, 

& mat_w, count, ncov, chisq_2th, fsine2) 
c calculate variance of the fit 

do 175 i= l , count 
variance2—variance2+(sine_curve (a_2th(l), a_2th(2), 

& a_2th(3), OdO, OdO, azi(i))-res(i))**2 
175 con t inue 

variance2=variance2/dble(count) 
c calculate variance on parameters 

do 176 i=l,ncov 190 
var_a2(i)=dsqrt(calc_variance(mat_v, 5, 5, mat_w, i)) 

176 con t inue 

output results 
w r i t e (15, *) '2 t h e t a only Anisotropy Case ' 
w r i t e (15, ' ( a 3 , x, f l O . 2 ) ' ) ' X ' S ' , chisq_2th 
w r i t e (15, ' (a8, x, f 9 . 5 ) ' ) 'Va r i ance ' , variance2 
w r i t e (15, ' ( a S , x, i 5 ) ' ) 'Count ' , count 
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w r i t e (15, ' ( a l 6 , x , 3 ( f 9 . 4 , x ) ) ' ) 'Curve p a r a m e t e r s ' , 
& a_2th(l) , a_2th(2), a_2th(3) 200 

w r i t e (15, ' ( a l O , x , 3 ( f 9 . 4 , x ) ) ' ) ' s t d e r r o r s ' , 
& var_a2(l), var_a2(2), var_a2(3) 

w r i t e (15 ,*) ' ' 

c save the fast and slow directions found 
fast2=fastdirn 
slow2=slowdirn 

C== = = = = = = = = = = = = = = = = = = — = = = = = = = = = = = = : = = = = = — = = = = = = = = = = = = = = = = = : 

c (c) 4-theta anisotropy 210 
c ncov=5 = = dc, 29 and 4,9 terms 
C = =: = = = = = = = = —— = = = = = = =:=:—== = = = = = : = — = = = = = = = — — — = = = = = = = = = = = = = = = — 

ncov—5 
call svdfit (azi, res, err, count, a, ncov, mat_u, mat_v, 

&i mat_w, count, ncov, chisq, fsine) 
c calculate variance of the fit 

d o 179 1=1, count 
variance4=variance4+(sine_curve (a(l) , a(2), 

a(3), a(4), a(5), azi(i))-res(i))**2 
179 c o n t i n u e 220 

variance4=variance4/dble(count) 
c calculate variance on parameters 

d o 180, 1=1, ncov 
var_a4(l)=dsqrt (calc_varlance ( m a t - V , ncov, ncov, mat_w, 1)) 

180 c o n t i n u e 

c output results 
w r i t e (15, *) ' 4 t h e t a An i so t ropy Case ' 
w r i t e (15, ' ( a 3 , x , f l O . 2 ) ' ) 'X"2 ' , chisq 
w r i t e (15, ' ( a 8 , x , f 9 . 5 ) ' ) ' V a r i a n c e ' , variance4 230 
w r i t e (15, ' ( a 5 , x , i 5 ) ' ) 'Coun t ' , count 
w r i t e (15, ' ( a l 6 , x , 5 ( f 9 . 4 , x ) ) ' ) 'Curve p a r a m e t e r s ' , 

& a(l) , a(2), a(3), a(4), a(5) 
w r i t e (15, ' ( a l O , x , 5 ( f 9 . 4 , x ) ) ' ) ' s t d e r r o r s ' , 

&. var_a4(l), var_a4(2), var_a4(3), var_a4(4), var_a4(5) 

w r i t e (15,*)' ' 

0 = = = = = = = = = = = = = = = = = = — = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

c write out all the fit information and statistics to separate 240 
c files for each of the fits attempted. 
c======================================================== 

w r i t e (101, ' ( a l 3 , x , f 1 0 . 2 , x , i 5 , x , 4 ( f 1 1 . 5 , x ) ) ' ) 
& file-name(l:lnblnk(file_name)),chisq_null,count, 
& chisq_null/dble(count), variance_null,a_null, var_anull 

10001 f o r m a t (al3,x,fl0.2,x,15,x,12(fll.5,x)) 
if (varlance_null+variance2.eq.dble(0.0)) t h e n 

write (0 ,*) 'variance_nul l+=variance2 = 0; ', variance_null, 250 
& variance2 

end i f 

w r i t e (102, 10001) 
& file_name(l;lnblnk(file_name)),chisq_2th, count, 
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& chisq_2th/dble(count), variance2, 
iS^(dabs(variance_null—variance2)*dble(200)/ 
&. (variance_null+variance2)), 
&L a_2th(l), 
&L var_a2(l), a_2th(2), var_a2(2), a_2th(3), var_a2(3), fast2, 260 
& slow2, L2n 

10000 f o r m a t (al3,x,fl0.2,x,i5,x,19(fll.5,x)) 
if (variance_null+variance4.eq.dble(0.0)) t h e n 

w r i t e (0,*)' variaiice_iiull+variELQce4 = 0: variance_null, 
& variance4 

endif 

c calculate the fast velocity direction and associated errors 270 
0=== ===^= = = = = = = = =========:=:== = = = = = = = = = = = = = = = : = = = = = =:== = = = = = = — 

call calc_fast_dirn (15, a(l), a(2), a(3), a(4), a(5), 5, 
& fastdirn, slowdirn, f_err4) 

call calc_err2(a(l), a(2), a(3), a(4), a(5), var_a4(l), 
& var_a4(2), var_a4(3), var_a4(4), var_a4(5), 
& fastdirn, slowdirn, f_err4, s_err4) 

2 8 0 

c output results 

w r i t e (103, 10000) 
& file_name( 1 :lnblnk(file_name)), chisq, count, 
& chisq/dble(count), variance4, 
&(dabs(variance_null—variance4)*dble(200)/ 
&(variance_niill+variance4)), 
& a(l), 
& var_a4(l), a(2), var_a4(2), a(3), var_a4(3), 
& a(4), var_a4(4), a(5), var_a4(5), fastdirn, slowdirn, f_4n, 290 

f_24, f_err4, s_err4 

11 w r i t e (0,*) ' ' 

C = = = = = = = === = = === ===:== = =:==== = = = ===== ==== = = = ==: =========—— = = 

c House keeping - close unwanted files 
0 = = = = = = : = = — = = = = = = = = = = = = = = = = = = = — = = = = = = = = = = = — = = = — = = = = = = = = = = = 

close (10) 300 
close (15) 

close (101) 
close (102) 
close (103) 

end 

0 = = = = = = : — = = = = = = = = = = = = = = = = = = = = = = = = = = = = = — = = = = = = = = = = = = = = = = = = = 

c next few subroutines are examples of the curve fitting functions 310 
c======================================================== 
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s u b r o u t i n e fsine (x, p, up) 
i n t e g e r np 
real*8 x, p(np) 

c—=—===========—==——=================================—=== 

c fitting routine for a sine wave including the 40 terms. 
c returns p filled with 
c p(l) = i (dc term) 320 
c p(2) = cos(2x) 
c p(3) = sin(2x) 
c p(4) = cos(4x) 
c p(5) = sin(4x) 
C = = =: = ====—==== = —= ==== ===== = = ====:========= ====== = =:=—= === = = 

c X contains the data point 
c np contains the number of terms 
c p will contain the fitted function terms as given above. 
c-

330 

p( l ) 1 
p(2) = dcos(2*x) 
p(3) = dsin(2*x) 
p(4) — dcos(4*x) 
p(5) = dsin(4*x) 

e n d 

340 

s u b r o u t i n e fsine2 (x, p, np) 
i n t e g e r np 
real*8 x, p(np) 

c=================================================—====== 

c fitting routine for a sine wave not including the 49 terms. 
c returns p filled with 
c p(l) == 1 (dc term) 
c p(2) = cos(2x) 
c p(3) = sin(2x) 350 
0======================================================== 

c X contains the data point 
c np contains the number of terms 
c p will contain the fitted function terms as given above. 
c======================================================== 

p( l ) = 1 
p(2) = dcos(2*x) 
p(3) = dsin(2*x) 
p(4) = 0 360 

p(5) = 0 

e n d 

s u b r o u t i n e fsine.null (x, p, np) 
i n t e g e r np 
real*8 x, p(np) 
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370 
C = = = = = = = = = = = = =: = = = = = = = = = = : = = = = = = = = = r = = = = = = = = = = = = : = = = = r = = r = = - = = _ 

c fitting routine for an isotropic 'curve 
c returns p filled with 
c p(l) = 1 (dc term) 
C = = = = = = = = = — = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = : 

c X contains the data point 
c np contains the number of terms 
c p will contain the fitted function terms as given above. 
0 = = = = = = = = ̂  = == = = ==^==:= === ===: = = = = = = = = = = = ====== = = = = = = = = === = = 

380 

p ( l ) = 1 
p(2) = 0 
p(3) = 0 
p(4) = 0 
p(5) = 0 

end 

c======================================================== 

c function derivatives - used for finding maxima/minima 390 
c may not be required 
C = = = = = = = = = = = = = = = = = = = = = =r= = = = = — = = = = = = = = = = = = = = = = = = — = = = = = = = = ;= 

funct ion fsine_deriv (x, a l , a2, a3, a4, a5) 

real*8 fsine_deriv, x, a l , a2, a3, a4, a5 

real* 8 working_val 

C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 4 0 0 

c derivative of the full solution curve 
c======================================================== 
c x = azimuth 
c a l . . . a5 coefficients of the azimuthal terms 
0======================================================== 

working_val=—2*a2*dsin(2*x)+2*a3*dcos(2*x)—4*a4*dsin(4*x)+ 
& 4*a5*dcos(4*x) 

fsine_deriv=working_val 
return 410 

end 

0===============================================:========= 

funct ion fsine_deriv2 (x, a l , a2, aS, a4, a5) 

real*8 fsine_deriv2, x, a l , a2, a3, a4, a5 

real*8 working_val 

0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 420 

c derivative of the 29 solution curve 
c======================================================== 
c X = azimuth 
c a l . . . a5 coefficients of the azimuthal curve (only used to 3.3) 
c======================================================== 
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working_val=-2*a2*dsin(2*x)+2*a3*dcos(2*x) 
fsine_deriv2=working_val 
return 

e n d 430 

funct ion fsine_deriv_null (x, a l , a2) 
real*8 fsine_deriv_null, x, a l , a2 

fsine_deriv_null=0.0 
return 

end 

440 
0 = = = = === = ==== = —= = = ====:=—— =======^^:===r===z====—=—=:=:= ===== = = 

c other functions 
C = = = = = =r= = ==== === = = = == =====:=: = ======= = ========: ===== = ===== = = 

funct ion calc_variance (v, ma, np, w, j) 
integer ma,np, j 
real*8 v(np,np), w(np) 
real*8 calc_variance 

0 = = = - = = - - = = = = = = = = = = = = = = = = = = = = = - = = = = = ^ = = = = = = = = = = = = = = = = = = = = 450 

c function to calculate the variance of the fitted function 
0 = = = ===== = = = =: =====—= = === =========== ======:= = = ====== ===== = = 
c V, w - SVD matrices 
c ma - number of terms 
c np - number of data points 
c j - term trying to determine the variance of 
C = — — = = = = = — = = = = = = = = = = = — = = = = = = = = = = = = = = = = = : = = = = = = = — = = = = = = = = = = 

integer 1 
real*8 temp_sum 460 

t emp-sum=0 
do 11 1=1,ma 

if (w(i).ne.O.O) t h e n 
temp_smTi=temp_sum+(v(j,i)/w(i))**2 

endif 
11 cont inue 

calc_variance =temp_sum 
return 

end 470 

0 = = = = = =: = = =: = = = —— = ===— — = = = = ====—= = = = =: = = = = == = = —= = = = = = —= = = = = = 

real*8 funct ion sine_curve (al , a2, a3, a4, a5, theta) 
real*8 sine_curve, a l , a2, a3, a4, a5, theta 

c======================================================== 

c function to calculate the values of the sine curve at a value of 6 
0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

c a l . . . a5 - coefficients of the fitted curve 480 
c theta - azimuth to calculate value at 
0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 
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real*8 working 

working = a l + 
& a2*dcos(dble(2)*theta) + 
&. a3*dsin(dble(2)*theta) + 
&L a4*dcos(dble(4)*theta) + 
& a5*dsin(dble(4)*theta) 490 

sine_curve=working 
return 

end 

c-

funct ion degrees_to_radians (degreesJn) 
real*8 degrees_to_radians, degreesJn 

500 
C = = = = = = = = = = = = = = ^ = = = = = = = = = = = = = = = = = = = = = = = = r = = = = : = = = = = = = =:=r===r = 

c function to convert degrees to radians 
0 = = = = = = = = — = = = = = = = = = = = = = = = : = = = = = = = = ^ = = = = = = = = = = = = = = = = = = = = = = = 

c degrees-in = angle (degrees) to be converted to radians 
real*8 pi 

pi=dble(3.141592654) 

degrees_to_radians = degrees_in*pi/dble(180) 
return 510 

end 

C = = = = = = —= =: = = = = = = = = = =:= = = = = = — = = = = = = = = = = = = =:== = =: = = = = = = ===—— — = 

funct ion radians_to_degrees (radiansJn) 
real*8 radians_to_degrees, rad iansJn 

c=—==================——============================—===== 
c function to convert radians to degrees 
c========—======—======================================== 
c radians_in = angle (radians) to be converted to degrees 520 
c======================================================== 

real*8 pi, tmp 

pi=dble(3.141592654) 

tmp — radiansJn*dble(180)/pi 

10 if (dble(360).lt.tmp) t h e n 
tmp=:tmp—dble(360) 530 
goto 10 

endif 
radians_to_degrees=:tmp 
return 

end 

c======================================================== 

subrout ine calc_err2 (al , a2, a3, a4, a5, ael , ae2, ae3, ae4, ae5, 540 
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& fast, slow, ferr.serr) 
real*8 al , a2, a3, a4, a5, ael , ae2, ae3, ae4, ae5,ferr.serr 
real*8 fast, slow 

c subroutine to calculate and return the errors on fast and slow 
c directions 
0=: = = = = === ===— —=== ==== === ======:= = === ====== =========—= = = = = = 

c a l . . . a5 - coefficients of the fitted curve 
c a e l . . , a e 5 - errors on the coefficients 550 
c ferr, serr - errors on fast and slow velocity directions 
c fast, slow - fast and slow velocity direction 
0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

real*8 denom, num_sq, p(5), rad_deg 
real*8 fsine, radians_to_degrees, degrees_to_radians 
real*8 fast2, slow2, sine_curve, tmp 

c initialise variables for calculating the sine curve value 
c at the fast velocity direction 560 

p(l )=dble(0) 
p(2)=a2 
p(3)=a3 
p(4)=dble(4)*a4 
p(5)=dble(4)*a5 

c convert fast and slow velocity directions to radians 
fast2=degrees_to_radians(fast) 
slow2=:degrees_to_radians(slow) 570 

tmp=sine_curve(p(l) , p(2), p(3), p(4), p(5), fast2) 
c calculate error on fast velocity direction 

denom=dble(2)*dabs(tmp) 

num_sq=(dsin(dble(2)*fast2)*ae2)**2+ 
& (dcos(dbIe(2)*fast2)*ae3)**2+ 
& dble(4)*((dsin(dble(4)*fast2)*ae4)**2+ 
L (dcos(dble(4)*fast2)*ae5)**2) 580 

ferr=radians_to_degrees(dsqrt(num_sq) / denom) 

c calculate error on slow velocity direction 

denom—dble(2)* 
& dabs(sine_curve(p(l), p(2), p(3), p(4), p(5), slow2)) 

num_sq=(dsin(dble(2)*slow2)*ae2)**2+ 
& (dcos(dble(2)*slow2)*ae3)**2+ 
&c dble(4)*((dsin(dble(4)*slow2)*ae4)**2+ 
& (dcos(dble(4)*slow2)*ae5)**2) 590 

serr=radians_to_degrees(dsqrt(num_sq)/denom) 
end 

c-
subrout ine calc_fast_dirn(unit, aO, a l , a2, a3, a4, pars, 

& fast_dirn, slow_dirn, fast_err) 
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c subroutine to determine the fast velocity direction 

Q , 6 0 0 

c unit - 'file' to output result to 
c aO... a4 - coefficients of the curve 
c pars - number of parameters in curve 
c fast-dirn, slow_dirn - fast and slow velocity directions 
c fast_err - initial estimate of error on fast direction 
C = = = = = = = = = = = = = = = ^ = = = = = = = = r = = = = = = = = = =r====r==r=—=r = = = = = = = =—= = = = 

integer unit, pars 
real*8 aO, a l , a2, a3, a4, fast_dirn, slow_dirn, fast_err 

610 

c other variables used 
real*8 xbl(5), xb2(5), root_result 
integer nb, i 

r e a p s min_dt, max_dt, calc_dt, max_th, min_th 

realms rtbis 

real*8 d_tli, th, diff, radians_to_degrees 

external fsine_deriv, fsine_deriv2, fsine_deriv_null 620 
real*8 sine_curve 

nb=pars 
c set initial values of min and max time and min and max azimuth 

min_dt=99999999999.99999 
max_dt=—99999999999.9999 
min_th=720.0 
max_th=720.0 

c find the fast and slow velocity directions 630 
call zbrak (fsine_deriv, O.dO, dble(3.141592654), 180, 

& xbl , xb2, nb, aO, 
& al , a2, a3, a4) 

if (nb.eq.O) t h e n 
pause 'no r o o t s bracket ted' 
return 

else 
do 10 i = l , n b , l 
root_result=rtbis(fsine_deriv, xbl(i) , xb2(i), 

& O.OOOOOOOOOOOOOldO. aO, a l , a2, a3, a4) 640 
w r i t e ( u n i t , ' ( a l 4 , f 8 . 4 ) ' ) 'Root found a t ' , 

& radians_to_degrees(root_result) 
calc_dt=sine_curve (aO, a l , a2, a3, a4, root_result) 
if (calc_dt.lt.min_dt) t h e n 

min_dt=calc_dt 
min_th=root_i-esult 

endif 
if (calc_dt.gt.max_dt) t h e n 

max_dt=calc_dt 
max_th=root_result 650 

endif 
10 continue 

c return fast and slow velocity directions 
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fast_dirn = radians_to_degrees(min_th) 
slow_dirn = radians_to_degrees(max_th) 

endif 
end 

660 

c= 

s u b r o u t i n e zbrak (fx, x l , x2, n, xbl , xb2, nb, a l , a2, a3, a4, a5) 

C = =r = = = = = = = = = = = === = === = ==:=== = ̂ = = = =======::=========== = = === = = 

c Subroutine to look for crossing points. 
c taken from Numerical Recipes - the art of scientific programming 
c Press et al. (1992). p345 
c 
c given function f(x) defined on interval from xl to x2, subdivides 670 
c the region up into n equal divisions and searches for crossing points 
c in each division, nb is max no of roots sought, and is reset to return 
c the number of bracketing pairs xbl(l:nh) and xb2(l:nb) 
C = = = = = = —— = = = = = = = = = : = — =: = = = = = = = = — = = = = = = = = = = = = = = = =:= = = = = = = = = = = 

c takes 
c £x - function to apply 
c xl, x2 - define the interval that the function is valid over 
c n - number of regions to divide the curve into 
c xbl, xb2 - arrays containing bounds of the divisions containing 
c the roots 680 
c nb - number of roots sought 
c a l . . . a5 - coefficients of the fitted curve 
0=:=: === = = = =:=: = ^ = ====:====== === ======== = = = = = ===========: = = = = = = 

i n t e g e r n, nb 
real*8 x l , x2, xbl(nb) , xb2(nb), fx, a l , a2, a3, a4, a5 

i n t e g e r i, nbb 
real*8 dx, fc, fp, x 

690 
c check that there is some data 

if (n.eq.O) t h e n 
w r i t e (0,*)"zbrak: n=0" 

end i f 

nbb=0 
x = x l 

c determine the appropriate spacing 
dx=(x2—xl) /n 700 
fp=fx(x ,a l , a2, a3, a4, a5) 

c loop over all intervals 
d o 11 i = l , n 
x = x + d x 
fc=fx(x,al , a2, a3, a4, a5) 

c check for a sign change that would indicate the location of a crossing 
if (fc*fp.lt.O) t h e n 

n b b = n b b + l 
xbl(nbb)=x—dx 
xb2(nbb)—X 710 
if (nbb.eq.nb)goto 1 
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endif 
fp=fc 

11 cont inue 
I cont inue 

nb=nbb 
return 

end 

C = = = = = = = = = = =: = = = = =:: = = r = = = = = = = = = r = = = = = = = r = : = = = r ^ = = = = = = = = = = r = = = = ^ = ^ = 720 

real*8 funct ion rtbis (func, x l , x2, xacc, a l , a2, a3, a4, a5) 

C = = —= = = = =: = ~= = =:========== ======:^^=^===:=r========z= ===—== ==== 

c function to find the root by bisection. 
c taken from Numerical Recipes - the art of scientific programming 
c Press et al. (1992). p347 
c 
c=================================================-======= 
c takes 730 
c func - function to find roots of 
c xl, x2 - bounds within which there is a root 
c xacc - accuracy to find root to 
c a l . . . a5 - coefficients of the curve 
c 
c returns 
c value of x at the root 
0======================================================== 

integer jmax 740 
real*8 rtbis, x l , x2, xacc, func, a l , a2, a3, a4, a5 
parameter (jraax=80) 

integer j 
real*8 dx, f, fmid, xmid 

c find values of func at xl and x2 
fmid=func(x2,al ,a2, a3, a4, a5) 
f= func (x l , a l , a2, a3, a4, a5) 

c these values should be either side of func=0 750 
if (f*fmid.ge.O.) pause 'root must be bracketed i n r t b i s ' 

c check that f^O lies at x+dx 
if (f.lt.O.) t h e n 

r tb i s=xl 
dx=:x2—xl 

else 
r tbis=x2 
dx=xl—x2 

endif 
c bisection loop 760 

do 11 j = l , jmax 
dx=dx*0.5 
xmid=:rtbis+dx 
fmid=func(xmid,al , a2, a3, a4, a5) 
if (fmid.le.O.) r tbis=xmid 

c if root found to required accuracy, return 
if (dabs(dx).lt .xacc or. fmid.eq.O.) return 

II cont inue 
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pause 'too many bisections in rtbis' 

end 770 
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A.2 SVD Fi t t ing Rout ines 

These SVD routines were taken directly from Press et al. (1992) and a detailed expla-

nation of the method is not given here. These subroutines were treated as a library and 

called from within fit_sines as given in Section A.l. 

0 = = = = = = = = = = = = = — = = = = = = = = = = = = = = : = = = — = = = = = = = = = = = = = = = = = = = = = = = = 

c 
c Unit: 
c svd_routines 
c 
c======================================================== 
c 
c compilation of SVD (Single Value Decomposition) solving routines. 
c taken from Numerical Recipes - the art of scientific programming 
c Press et al. (1992). p672- lO 
c 
c======================================================== 

0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

s u b r o u t i n e svdfit (x, y, sig, ndata, a, ma, u, v, w, mp, np, 
&. chisq, funcs) 

i n t e g e r ma, mp, ndata, np, nmax, mmax 
real*8 chisq, a(ma), sig(ndata), u(mp,np), v(np,np), w(np), 

& x(ndata), y(ndata), tol 
c external funcs 20 

p a r a m e t e r (nmax=30000, mmax=5, tol=l.e—11) 

0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

c svdfit 
c======================================================== 
c Input: 
c data points: x(l:ndata), y(l:ndata), 
c stddev: sig (l:ndata) 
c======================================================== 
c uses chi-squared minimisation to determine the ma coejjs of a 30 
c \i(l:mp,l:np), y(l:np,l:np), vf(l:np) provide workspace on input; 
c SVD on output. 
c======================================================== 

i n t e g e r i, j 
real*8 sum, thresh, tmp, wmax, afunc(mmax), b(nmax) 

c = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

c assign values to the u matrix 
c======================================================== 

d o 12 1=1, ndata 40 
call funcs(x(i), afunc, ma) 
tmp=l . / s ig ( i ) 
do 11 j = l , ma 

u(i , j)=afunc(j)*tmp 
11 c o n t i n u e 

b(i)=y(i)*tmp 
12 c o n t i n u e 
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c perform Singular Value Decomposition 50 

cal l svdcmp (u, ndata, ma, mp, np, w, v) 
wmax = 0. 
d o 13 j = l , ma 

if (w(j).gt,wmax) wmax=w(j) 
13 c o n t i n u e 
C=—= = =======—= = = ===== === === ====—= = = ====== ====== ===:== = = = = = = 
c Set the threshold for singular values allowed to be nonzero 
C = = = = = = = = = = = = = = = = = = = = = = - = = = = = = = = =: = = = = = = =: = = = = = = = = = = = = =:==: = = 6 0 

thresh = tol*wmax 
d o 14 j = l , m a 

if (w(j).It.thresh) w(j) = 0. 
14 c o n t i n u e 
C = = = = = = = = = = = = =: = = = = = = = ^ = = r = = = = = = = = = = = — = = = • = = = = =: = = = — = = — = = = = = = 
c Backsubstitute 
C=:=: = = = = = = = = = = = = = = = = = = = = = = =:= ===:==—= = = = = = = = = = = — = = = = = = = = = = = = 

call svbksb (u, w, v, ndata, ma, rap, np, b, a) 
C = = = = — — = = = = = = = = = = = = = — = = = = = = = = = = = = = = = = = = = = = = = = = = — = = — = = = = = ~ 

c Evaluate of the fit 70 
c = = = = = = = = = = = = = = = = = — = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

chisq = 0. 
d o 16 1=1, ndata 

call funcs(x(i), afunc, ma) 
sum=0. 
d o 15 j = l , ma 

sum=sum+a( j ) *afunc(j) 
15 c o n t i n u e 

chisq=chisq+((y(i)-sum)/sig(i))**2 
16 c o n t i n u e 80 

r e t u r n 
e n d 

c = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

s u b r o u t i n e svdvar (v, ma, np, w, cvm, ncvm) 
i n t e g e r ma, ncvm, np, mmax 
real*8 cvm (ncvm, ncvm), v(np, np), w(np) 
p a r a m e t e r (mmax=5) 

C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 90 
c svdvar 
c = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

c evaluates the covariance matrix, cvm, of the fit for ma params 
c obtained by svdfit. Called with matrices v, w returned from svdfit 
c np, ncvm give physical dimensions of v, w and cvm 
c = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

i n t e g e r i, j, k 
real*8 sum, wti (mmax) 

100 

d o 11 1=1, ma 
wti(i)=0. 
if (w(i).ne.O.) wti(i)=l. /(w(i)*w(i)) 

11 c o n t i n u e 
c==—===========—========================================= 
c Sum contributions to the covariance matrix 
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C = = = = = = = = = —= = = = 
d o 14 i = l , ma 

d o 13 j = l , i 
suin=0. 110 
d o 12 k = l , ma 

sum=sum+v(i , k)*v(j, k)*wti(k) 
12 c o n t i n u e 

cvm(i, j) = sum 
cvm(j, i) = sum 

13 c o n t i n u e 
14 c o n t i n u e 

r e t u r n 
e n d 

120 
0 = = ==== = = = =:==: = =^= = ==—= === ====—== = ========= === ========= = = = = 

s u b r o u t i n e svbksb (u, w, v, m, n, mp,np, b, x) 
i n t e g e r m, mp, n, np, nmax 
real*8 b(mp), u(mp, np), v(np, np), w(np), x(np) 
p a r a m e t e r (nmax=30000) 

0======================================================== 

c svbksb 
0========================================:================ 

c solves a.x=b for vector x. a specified by arrays u, w, v as returned 130 
c by svdcmp. m and n are the logical dimensions of a; mp and np, the physical 
c dimensions. h(l:m) is the RHS input. x(l:n) is the output soln. vector 
c======================================================== 

i n t e g e r i, j, jj 
real*8 s, tmp(nmax) 
do 12 j = l , n 

c======================================================== 

c calculate U'^B 
0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 140 

s=0. 
if (w(j).ne.O.) t h e n 

c======================================================== 
c nonzero result only if w j is nonzero 
c======================================================== 

d o 11 i—1, m 
s=s+u(i , j)*b(i) 

11 c o n t i n u e 
s=s /w( j ) 

end i f 150 
tmp( j )=s 

12 c o n t i n u e 
d o 14 j = l , n 

c======================================================== 
c Matrix multiply by V to get answer 
c======================================================== 

s=0. 

do 13 j j = l , n 
s=s+v( j , jj)*tmp(jj) 

13 c o n t i n u e 160 
x( j )=s 

14 c o n t i n u e 
r e t u r n 
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e n d 

s u b r o u t i n e svdcmp (a, m, n, mp, np, w, v) 
i n t e g e r m, mp, n, np, nmax 
real*8 a(mp, np), v(np, np), w(np) 170 
p a r a m e t e r (nmax=500) 

0 === = = = = = =:=—===—= ===== ==—========—=:============= === = ====== 
c svdcmp 
C—= = = =: = = = = = = = = = = = = = = = === ======—= === === === = =:=: === === = = —== = = 

c given matrix a, with physical dimensions mp by np, this will compute its SVD. 
c matrix u replaces a on output. 
a diagonal matrix of singular values w is output as a vector wfl.-n) 
c matrix v (not transpose) is output as v(l:n, l:n) 
C = = —= = = = = === = === = = === =====:= = —=== = = = === = ===== ====== === = =: = = 

180 

i n t e g e r i, its, j, jj, k, 1, nm 
real*8 anorm, c, f, g, h, s, scale, x, y, z, rvl (nmax) , 

& pythag 

0 = = = = = = = =:—= = = = = = = = = = = === = = = ==== ====:—====== === = ===== = ==== = = 

c Householder reduction to bidiagonal form 
c======================================================== 

g - 0 . 0 
scale=0.0 
anorm=0.0 190 
d o 25 1=1, n 

1=1+1 
rvl(l)=scale*g 
g=0.0 
8 = 0 . 0 

scale=0.0 
if (l.le.m) t h e n 

do 11 k=i, m 
scale=scale+dabs(a(k,l)) 

11 c o n t i n u e 200 
if (scale.ne.0.0) t h e n 

d o 12 k=i, m 
a(k,l)=a(k,l)/scale 
s=s+a(k,l)*a(k,l) 

12 c o n t i n u e 
f=a(i , i) 
g=-ds ign(dsqr t (s ) , f ) 
h = f * g - s 
a ( i , i ) = f - g 
do 15 j=l , n 210 

s=0.0 
do 13 k=i, m 

s=s+a(k,l)*a(k,j) 
13 c o n t i n u e 

f = s / h 
do 14 k=l, m 

a(k,j)=a(k,j)+f*a(k,i) 
14 c o n t i n u e 
15 c o n t i n u e 

do 16 k=i, m 220 
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a(k,i)=scale*a(k,i) 
16 c o n t i n u e 

end i f 
end i f 
w(i)=scale*g 
g=0.0 
s=0.0 
scale=0.0 
if(( i . le .m).and.(i .ne.n)) t h e n 

d o 17 k—1, n 230 
scale=scale+dabs(a(i,k)) 

17 c o n t i n u e 
if (scale.ne.0.0) t h e n 

d o 18 k=l, n 
a(i,k)=a(i,k)/scale 
s=s+a(i,k)*a(i,k) 

18 c o n t i n u e 
f=a(i , l) 
g=-ds ign(dsqr t (s ) , f ) 
h=f*g—s 240 
a ( i , l ) = f - g 
d o 19 k=l, n 

rv l (k )=a( i ,k ) /h 
19 c o n t i n u e 

d o 23 j=l , m 
s=0.0 
d o 21 k=l, n 

s=s+a(j ,k)*a(i ,k) 
21 c o n t i n u e 

d o 22 k=l, n 250 
a( j ,k)=a( j ,k)+s*rvl(k) 

22 c o n t i n u e 
23 c o n t i n u e 

d o 24 k=l, n 
a(i,k)=scale*a(i,k) 

24 c o n t i n u e 
end i f 

end i f 
anorm=max(anorm, (dabs(w(i))+dabs(rvl(i)))) 

25 c o n t i n u e 260 
C = = = —= = —= = =====: = =^ ==== = = = = = = —== = = = = = = = = ===—======== = = === = = 

c Accumulation of right-hand transformations 
c======================================================== 

d o 32 i=n, 1, —1 
if (i.lt.n) t h e n 

if (g.ne.0.0) t h e n 
0======================================================== 

c Double division to avoid possible underflow 
0======================================================== 

d o 26 j=l , n 270 

26 c o n t i n u e 
do 29 j=l , n 

s—0.0 
do 27 k=l, n 

s=s+a(i,k)*v(k,j) 
27 c o n t i n u e 
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d o 28 k=l, n 
v(k,j)=v(k,j)+s*v(k,i) 

28 c o n t i n u e 280 
29 c o n t i n u e 

endi f 
d o 31 j=l , n 

v(i,j)=0.0 
v(j,i)=0.0 

31 c o n t i n u e 
end i f 
v(i,i)=1.0 
g=rv l ( i ) 
l=i 290 

32 c o n t i n u e 
€ = = = = = = ==—=== ========—=:==:== = = = = = = = = = = = = = = = = = = = = = = = = = = = = — = 

c Accumulation of left-hand transformations 

d o 39 i=:min(m,n), 1, —1 
1 — i + 1 
g=w(i) 
d o 33 j=l , n 

a(i,j)=0.0 
33 c o n t i n u e 300 

if (g.ne.0.0) t h e n 
g = l - 0 / g 
d o 36 j=l , n 

s=0.0 
d o 34 k=l, m 

s=s+a(k,i)*a(k,j) 
34 c o n t i n u e 

f=(s/a( i , i ) )*g 
d o 35 k=i ,m 

a(k,j)=a(k,j)+f*a(k,i) 310 
35 c o n t i n u e 
36 c o n t i n u e 

d o 37 j=i , m 
a(j,i)=a(j,i)*g 

37 c o n t i n u e 
else 

do 38 j=i , m 
a(j,i)=0.0 

38 c o n t i n u e 
end i f 320 
a(i,i)=a(i,i)+1.0 

39 c o n t i n u e 

0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

c Diagonalisation of the bidiagonal form: 
c Loop over singular values and allowed iterations 
0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

d o 49 k—n, 1, —1 
d o 48 i t s= l , 30 

0 = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 330 
c Test for splitting 
c======================================================== 

do 41 l=k, 1, —1 
nm=l—1 
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c NB, r v l ( l ) is always zero 

i f ( (dabs(rvl( l ) )+anorm).eq.anorm) g o t o 2 
if((dabs(w(nm))+anorin) .eq.anorm) g o t o 1 

41 c o n t i n u e 340 
c==—===——=====—==================—======================= 

c cancellation o / r v l ( l ) if 1>1 
C = = = = = = : : — = 

1 c=0.0 
s—1.0 
d o 43 i=l, k 

f=s*rvl ( i ) 
rv l ( i )=c*rvl ( i ) 
i f ( (dabs(f)+anorm).eq.anorm) g o t o 2 
g=w(i) 350 
h=pythag(f,g) 
w(i)=h 
h=1 .0 /h 
c=(g*h) 

d o 42 j = l , m 
y=a( j ,nm) 
z=a(j, i) 
a(j ,nm)=(y*c)+(z*s) 
a ( j , i )=- (y*s)+(z*c) 360 

42 c o n t i n u e 
43 c o n t i n u e 
2 z=w(k) 
0======================================================== 

c Test for convergence 
c==================================================~===== 

if(l .eq.k) t h e n 
if(z.lt.O.O) t h e n 

C = = =: = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 

c singular value is made non-negative 370 
0======================================================== 

w(k)=—z 
d o 44 j = l , n 

v ( j , k )= -v ( j , k ) 
44 c o n t i n u e 

end i f 
g o t o 3 

end i f 
if(its.eq.30) p a u s e 'no convergence in svdcmp' 
X—w(l) 380 
nm=k—1 
y=w(nm) 
g=rv l (nm) 
h=rv l (k ) 
f= ( (y -z )* (y+z )+ (g -h )* (g+h) ) / (2 .0*h*y) 
g=pythag(f,1.0) 
f = ( ( x - z ) * ( x + z ) + h * ( ( y / ( f + d s i g n ( g , f ) ) ) - h ) ) / x 

c======================================================== 
c Next QR transformation 
C = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = 390 

0 = 1 . 0 
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s=1.0 
d o 47 j=l , nm 

i = j + l 
g=rv l ( i ) 
y=w(i) 
h=s*g 
g=C*g 

z=pythag(f,h) 
r v l ( j )=z 400 
c = f / z 
s = h / z 
£= (x*c)+(g*s) 
g=- (x*s )+ (g*c ) 
h=y*s 
y=y*c 
d o 45 j j = l , n 

x=v(j j , j ) 
z=v(jj,i) 
v ( j j j ) = (x*c)+(z*s) 410 
v( j j , i )=-(x*s)+(z*c) 

45 c o n t i n u e 
z=pythag(f,h) 
w(j )=z 
if(z.ne.O.O) t h e n 

z—l.O/z 
c=f*z 
s=h*z 

end i f 

f = (c*g)+(s*y) 420 
x = - ( s * g ) + ( c * y ) 
d o 46 j j= l , i n 

y=a(j j , j ) 
z=a(jj , i) 
a( j j , j )= (y*c)+(z*s) 
a( j j , i )=-(y*s)+(z*c) 

46 c o n t i n u e 
47 c o n t i n u e 

rvl( l )=0.0 
rvl(k)—f 430 
w(k)=x 

48 c o n t i n u e 
3 c o n t i n u e 
49 c o n t i n u e 

r e t u r n 
e n d 

0 = = = = = === = = = = = = = = = === = = = = = = = = = = = ====: = =: = == = = = = = = = = = = — ̂  = = = =: 

f u n c t i o n pythag (a, b) 440 
real*8 a, b, pythag 

0 = = = = = = = = = = = = = = = = = — = = = = = = : = = = = = = = = = = = — = = — = = = = = = = — = — = = = = = = = 

c pythag 
C = = = = =r = ^ = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = = ^ = = = = = = = = = = = = = = = = =-

c calculates \/a^ + b'^ 
c avoiding the problem of potential underflow if a. and/or b are 
c very small 
c=====—==================^==—=—===============—=—========= 
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real*8 absa, absb 450 

absa=dabs(a) 
absb=dabs(b) 
if (absa.gt.absb) t h e n 

pythag=absa*dsqrt(l .+(absb/absa)**2) 
else 

if (absb.eq.O.) t h e n 
pythag=0.0 

else 
pythag—absb*dsqrt(l.+(absa/absb)**2) 460 

endif 
endif 
r e t u r n 

end 
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A.3 Test P rog ramme 

This test programme was written to test the sine curve fitting programme. A sine curve 

with known coefficients Oq. .. 04 and random scatter of up to ±0.2 for azimuths in the 

range 0° to 180° is generated and the output from this programme used as the input to 

fit_sines. The coefficients determined are shown in Table A.l and show that the SVD 

technique was able to correctly determine the coeflficients of the curve. 

program test 

integer i 
real sine_curve 

real sine_val, scat_val 

do 10 i= l , 180 
call random_number(scat_val) 

10 
scat_val=(scat_val—0.5)/5.0 
sine_val — sine_curve (—0.005, —0.017, 0.108, 0.103, 0.029, & 
degrees_to_radians(real(i))) 

! write (*,*) i, degrees_to_radians(real(i)) 
write (*,*) i, sine_val+scat_val, scat_val 

10 end do 

end 

function sine_curve (al, a2, a3, a4, a5, theta) 20 
real :: sine_curve, al , a2, a3, a4, a5, theta 

real :: working 

working = a l + a2*cos(real(2)*theta) + a3*sin(real(2)*theta) + & 
a4*cos(real(4)*theta) + a5*sin(real(4)*theta) 

sine_curve=working 
r e t u r n 

end function sine_curve 30 

function degrees_to_radians (degrees) 

real :: degrees_to_radians, degrees 

real, parameter :: pi = 3.141592654 

degrees_to_radians = degrees*pi/180.0 

end function degrees_to_radians 

The results in Table A.l confirm that the fitted curve is an accurate fit to the data. 
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Table A.l: Coefficients used to generate a sine-curve, and coefficients resolved by running 
the fit_sines programme. 

True value Resolved Value 
ao -0.005 -0.005±0.001 
a: -0.017 -0.017±0.001 

0J^8 0.108±0.001 

0-3 0.103 0.104±0.000 
0.029 0.029±0.001 

n /a 17&96 
Variance n / a 0.004 



APPENDIX B 

OBS Data f rom the SIAP 

This appendix contains plots of the OBS data collected during the second deployment 

of DY215 and used in Chapter 2. The upper-mantle picks made for each instrument are 

shown as the red marks in each panel. The locations of all the instruments are shown in 

Fig. B.l. A summary of the locations and type of the instruments is given in Table B.l. 

41* 00' 

ISEB7 
&f5 — r 
• ® ' I r — - i W — 
, • r d i c i 

40° 30' 

DY215 Ship TracK 

•SOP/OOP Orill Sile 

Hydrophone + Ooophorw, 

40' 00 
347' 00 

nyaropnooo + ooopnorw, uruocovafoa. reoovareo j j 

I I m Hydioptvina * 3 Oaophonai. unracovoiad, rocavsiad 5 0 R l 11 

m — — — — — — 
347' 30' 348° 00' 348° 30' 349° 00' 

Figure B.l: Map of the locations of the OBS in the SIAP deployed during the DY215 
cruise in 1995. The shiptracks of the DY215 profiles, IAM-9 profile and the ISE97 
profiles are also shown. 

204 
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Table B.l: Summary of the locations, names and types of the instruments deployed in 
the SIAP. Sensors: H=Hydrophone, G^=Vertical Geophone, G^=Vertical and 2 Hori-
zontal Geophones. The locations are also shown in Fig. B.l. 

DOBS Latitude Longitude Depth Sensors Notes 
°N °W (m) 

Instruments recovered with useful data 

B13 40.220 11.660 5134 H Section B.l. Short 
recording. 

B16 4&772 11.774 5019 H Section B.2 
B17 40.574 11.604 5127 H Section B.3 
DB 40.621 12.032 5226 H + G3 Section B.4 
DC 40.794 12.005 5134 H + G^ Section B.5 
DD 40.417 1L836 5195 H + G^ Section B.6 
DF 4&752 11.577 4944 H + G^ Section B.7 
M20 40.815 12.237 5346 H Section B.8 
M21 40.591 11.801 5178 H Section B.9 
A422(24) 40.260 12.098 5206 H Section B.IO. Non-

linear clock drift 
(Section 2.3.1) 

M23 40.643 12.264 5266 H Section B. l l 
M25 40.440 12.060 5226 H Section B.12. 
W165 40.573 11.608 5128 H + Ĝ  Section B.13. Hy-

drophone channel 
only agailable 

Instruments recovered with I no useful data 

DA 40.460 12.285 4941 H + G3 Recording failed 
W55 40.220 11.665 5134 H + G^ Disk corrupted 
W56 40.240 11.863 5175 H + Gi Disk corrupted 
W215 40.858 12.711 5262 H + Ĝ  Disk corrupted 
Instrument not recovered 

B12 40.400 11.635 5162 H Not recovered 
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In s t rumen t DB—Vert ica l Geophone c o n t i n u e d . . . 
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In s t rumen t D B — H y d r o p h o n e c o n t i n u e d . . . 
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In s t rumen t DB—Horizonta l Geophone 1 continued. 
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In s t rumen t DB—Horizonta l Geophone 2 con t inued . . . 
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I n s t r u m e n t DC—Vert ica l Geophone c o n t i n u e d . . . 
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In s t rumen t D C — H y d r o p h o n e c o n t i n u e d . . . 
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Ins t rument DC—Horizontal Geophone 1 continued. 
Shot Number 
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Ins t rument DC—Horizontal Geophone 2 cont inued. . . 
Shot Number 

7500 7900 8400 

- -

I 



Reduced Time (T-X/% (s) 

o<oa>->Jo>oiAco 

Reduced Time (T-X/8) (s) 

0<000-»JCDC?i4a-C*J 

Reduced Time (T-X/8) (s) 

o CO 03 ->i o) cn 

Reduced Time (T-X/8) (s) 

OtOCD-vlOCnACO 

Reduced Time (T-X/8) (s) 

-

K 
. r m 

j g 

i t 

o CO OS -nj a> ui 
Reduced Time (T-X/8) (s) Reduced Time (T-X/8) (s) Reduced Time (T-X/8) (s) Reduced Time (T-X/8) (s) 

O CO CO O) 

K 

X/8)(S) Reduced Time (T-; 

Cd 
C5 

I-S 
c4-
n 
P 

Q 

o 
"O 
y 
o 
m 

8 5 
3 

w 
bi 

5 
Ul 
ri~ 
i-S 

m 

a 
o 
o 

§ 
g: 

to 
6 
to 
Co 

t ) 

EC 

N3 
t o 
CJi 



Appendix B:OBS Data 226 

Ins t rument DD—Vertical Geophone continued. . . 
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^Sŝ ^SS '̂lkflssaKfiSiw 

« # a # l 

M m 

! # « # # # 
n 

0 < O C D - « J O C 7 t - U C O 

Reduced Time (T-X/8) (s) 

t d 
hi 
i o 

e 
Cfl 
c-t-
M g 

o 
u 

a 

o 
t 3 

o 
5 
(D 

§ 

to 
§ 

Co 

t ) 
&3 
SO 

tN3 
[O 
-J 



Appendix B:OBS Data 228 

Ins t rument DD—Hydrophone cont inued. . . 
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Ins t rument DD—Horizontal Geophone 1 cont inued. . . 
Shot Number 
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Ins t rument DD—Horizontal Geophone 2 continued.. 
Shot Number 
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Ins t rument DF—Vertical Geophone continued. 
Shot Number 
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Ins t rument DF—Hydrophone cont inued. . . 
Shot Number 
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Ins t rument DF—Horizontal Geophone 1 cont inued. . . 
Shot Number 
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Ins t rument DF—Horizontal Geophone 2 cont inued. . . 
Shot Number 
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Reduced Time (T-X/8) (s) 

(O CO -nJ o> Ol -U 

Reduced Time (T-X/8) (s) 
(O CB -nI O) cn 

Reduced Time (T-X/8) (s) 

t d 
M 
O 

5 
CA 
C-h 
1-3 
C 

3 
(D 

a 

bO 
fcO 

'fcO 

g 

to 
6 
to 
Co 

G 
go 
C-K 
GD 

bO 
oi 



Reduced Time (T-X/8) (s) 

o (o CO -vi a> -u 

Reduced Time (T-X/8) (s) Reduced Time (T-X/8) (s) Reduced Time (T-X/8) (s) Reduced Time (T-X/8) (s) 

m m 

. y . . . 

1 r 
(O CO -sj o CJI ^ 

Reduced Time (T-X/8) (s) 

1—I—I—I—I—r 
(O 09 -sj O) C7I -Ĉ  
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