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BACKGROUND

The rifting and breakup of continental lithosphere to form passive
or rifted continental margins is one of the most fundamental geolog-
ical processes on earth. It has many physical similarities with the for-
mation of intraplate sedimentary basins and relates directly to the on-
set of seafloor spreading, a process that generates the mid-ocean ridg-
es and the crust underlying the ocean basins. Rifted margins exhibit
a wide spectrum of characteristics, apparently greater than is seen in
continental rifts, probably in response to the large magnitude of ex-
tension and different combinations of asthenospheric temperature,
lithospheric rheology, strain rate, and stress. The rifting process,
through the indirect effects of concurrent greater sedimentation and
heat flow and sub-aerial volcanism can also have important environ-
mental and resource implications. Because of the thick to very thick
(2 to 15 km) sediments found on many rifted margins and the conse-
quent inaccessibility of basement rocks to scientific drilling, howev-
er, rifted margins had, until 1993, largely been studied by remote geo-
physical means or by the post- and synrift history recorded in the
overlying sediments at a few “sediment-starved” margins. In
Northeast Atlantic before 1993, for example, nonvolcanic rifted m
gins were drilled off Northern Biscay (Montadert et al., 1979b), V
Seamount (Sibuet et al., 1979), the Mazagan Escarpment (Hinz
1984), Goban Spur (de Graciansky et al., 1985), and Galicia 
(Boillot, Winterer, et al., 1988) where crystalline basement was c
for the first time on the west Iberia margin.

Quantitative models have been developed for the postrift isos
and thermal subsidence of margins and basins (McKenzie, 1978
more recently, for the critical effect of asthenospheric temperatu
the time of lithospheric breakup on the quantity and compositio
melt that may be underplated at the base of the crust and/or er
as lavas at the surface (Bown and White, 1995; White and McKe
1989). Finite element models have also been developed to mod
tectonic evolution of the crust and lithosphere under extensional
gins (e.g., Bassi, 1991, 1995; Harry and Sawyer, 1992). Qualit
conceptual models also have been proposed based on geologi
vestigations in extensional terrains such as the Basin and Range
ince (Wernicke, 1985; Wernicke and Burchfiel, 1982), which h
been extrapolated to rifted continental margins (Boillot et al., 19
1988b; Le Pichon and Barbier, 1987; Lister et al., 1986; Reston e
1995), or on fossil passive margins trapped in orogens, such a
Ligurian Tethys margins in the Alps (e.g., Froitzheim a
Manatschal, 1996; Lemoine et al., 1987). Further, small-scale
logical models have been employed to explore the mechanical b
ior of the lithosphere during extension (e.g., Allemand and B
1991; Beslier and Brun, 1991; Brun et al., 1994; Brun and Bes
1996). Nevertheless, in spite of the predictive capability of all th
models, some uncertainty remains both about the geological pro
es involved in the crust and mantle and in particular about the n
and location of features such as the ocean/continent transition (O

The North Atlantic Rifted Margins Detailed Planning Gro
(NARM DPG) was convened by the then Planning Committee o
Ocean Drilling Program (ODP) and met in 1991 to plan a progra

1Whitmarsh, R.B., Beslier, M.-O., Wallace, P.J., et al., 1998. Proc. ODP, Init.
Repts., 173: College Station, TX (Ocean Drilling Program).

2Shipboard Scientific Party is given in the list preceding the Table of Contents.
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drilling to study the problems of the formation and evolution of rifte
margins. The Group identified two important classes of rifted m
gins to be studied: margins in which magmatism dominated the 
ing process (volcanic margins) and margins in which magmati
seems to have played a minor role in the rifting process (nonvolca
margins). The DPG recommended that ODP focus on a transec
holes across each class of margin and that each transect include a
jugate pair of margins. The criteria for selecting the locations of 
two transects included (1) the existence of high-quality geophys
data on both conjugate margins, (2) the presence of a relatively 
sediment cover on the conjugate margins so that drilling to basem
is possible using the JOIDES Resolution, (3) the absence of salt de
posits, which could interfere with drilling, and (4) the absence 
postrift volcanism, which could have modified the divergent marg

Non-volcanic margins in particular provide opportunities to in
vestigate and understand the tectonic aspects of rifting for two 
sons. First, extensional tectonics, often expressed as normal f
and shear zones, that are seen to penetrate deep into the crust a
permost mantle on seismic reflection profiles, allows rocks fro
deeper lithospheric levels to be exposed at the top of acoustic b
ment, as was demonstrated by Legs 103 and 149. Second, vol
nous intrusives/extrusives, which can obscure crustal tectonics,
limited and commonly appear to be absent. Leg 149 (Sawyer, W
marsh, Klaus, et al., 1994; Whitmarsh, Sawyer, Klaus, Mass
1996) and Leg 173 represented part of the program proposed by
DPG for the study of nonvolcanic margins. As originally envisage
the total program, requiring four two-month legs, included drillin
multiple sites in both the southern Iberia Abyssal Plain and the c
jugate Newfoundland Basin, and one site on the Galicia Bank mar
Drilling on each of the margins was to include sites that would all
sampling of significant sections of basement with minimum sedim
penetration and sites that would sample thicker and stratigraphic
more complete sequences of synrift and postrift sediment. Leg 1
followed by Leg 173, drilled sites of the first type off Iberia; a dee
hole in the Iberia Abyssal Plain sediments has yet to be planne
complement the Leg 149 and Leg 173 results. Conjugate rifted m
gins often exhibit some asymmetry in structural style that may re
to the mode of lithospheric rifting (e.g., pure and/or simple shear)
simply to the location of the original break in the continental cru
Although the original program was also designed to allow assessm
of the degree of symmetry in the structure and evolution of the c
jugate margin, this has not been possible so far. Characterizatio
basement type (thinned continental crust, transitional basemen
oceanic crust) within a wide zone of the Newfoundland Basin a
Iberia Abyssal Plain, the location of the OCT, and the nature and e
lution of the corresponding basement rocks on the two margins 
remain important scientific objectives. Sites designed to sample s
rift sequences will constrain the timing of rifting and breakup, the r
environment, and possibly significant anomalous elevation and
subsidence asymmetries that are strongly indicated by some sei
data. The subsidence histories of the conjugate margins will hel
determine the relative importance of pure and simple shear me
nisms of extension on a lithospheric scale.

THE WEST IBERIA CONTINENTAL MARGIN

The western continental margin of Iberia extends from Cape F
isterre in the north to Cape Saint Vincent in the south (Fig. 1). T
7
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continental margin has a straight, relatively narrow shelf and a steep
continental slope. South of 40°N, the slope is cut by numerous
yons. This simple picture is complicated by several offshore ba
metric features. The largest feature is Galicia Bank, a 200 × 150-km
area within which the seafloor shoals to about 600 m water de
Galicia Bank is characterized by two isolated seamounts on its s
ern edge (Vasco da Gama and Vigo) and is separated from north
ern Iberia by a broad submarine valley. At 39°N, the Estrema
Spur extends east-west over 100 km offshore and forms a barrie
tween the Iberia and Tagus Abyssal Plains. Finally, the east-n
east−trending Gorringe Bank forms the southern boundary of the
gus Abyssal Plain and marks the surface expression of the seism
active Eurasia/Africa plate boundary.

Like many rifted or passive margins, the Iberia margin had a 
history of rifting before the separation of Iberia from the Gra
Banks of North America (see the review by Pinheiro et al., 19
Welsink et al. (1989) describe the rift history of the conjugate N
foundland margin.

Broadly, three main Mesozoic rifting episodes affected the w
Iberia margin although all three episodes cannot be convinci
demonstrated together in any one part of the margin. These epi
are variously recorded in the deposits of the onshore Lusitanian
sin, which is probably continuous with the Interior Basin that se
rates Galicia Bank from northwestern Iberia (Murillas et al., 19
Wilson et al., 1989), and offshore. Evidence for a Triassic to Early
rassic (Liassic) continental rifting phase that created graben and
graben structures in which evaporites were deposited is widesp
on North Atlantic margins. The second rifting phase, which consi
of extension in the early Late Jurassic, is indicated solely on ons
and shelf seismic profiles. The last phase of extension occurred 
Early Cretaceous, coincided with the south-to-north breakup of Ib
from the Grand Banks and has been well documented with offs
geological and geophysical data (Boillot, Winterer, et al., 19
1989; Pinheiro et al., 1992; Whitmarsh et al., 1990; Wilson e
1996). The precise dating and duration of this last episode is arg
(Wilson et al., 1996); in fact, different parts of the margin proba
rifted at different times as rifting propagated from south to north

The rifting phases were accompanied by only minor volcan
(dikes and flows) within Iberia. Two phases of pre-breakup volc
ism have been recognized by Ribeiro et al. (1979) and Ma
(1991). A tholeiitic phase lasted from 190 to 160 Ma, coeval w
Late Jurassic rifting, and a second phase occurred from 135 to
Ma in the Lusitanian Basin. This volcanism was relatively minor, 
the west Iberia margin has the characteristics of a nonvolcanic 
gin. For example, tilted fault blocks and half-grabens are clearly
served off Galicia Bank (Mauffret and Montadert, 1987), and in
southern part of the Lusitanian Basin (Wilson et al., 1989), and t
is no evidence on any part of the margin of seaward-dipping re
tors or of substantial subcrustal underplating. Nevertheless, Leg
penetrated 56 m of gabbro that underwent deformation that end
136.4 Ma at Site 900; the gabbro probably represents materia
placed at the base of the crust during rifting (Féraud et al., 1996

Parts of the west Iberia margin underwent two additional ph
of deformation in the Eocene and the Miocene. The Eocene defo
tion was caused by the Pyrenean orogeny and the abortive subd
of the Bay of Biscay beneath the north Spanish margin; it has 
proposed that the main expression of this deformation was the 
of Galicia Bank and adjacent seamounts (Boillot et al., 1979). 
Miocene deformation accompanied tectonism in the Rif-Betic mo
tains and led to the gentle folding of sediments in the Iberia 
northern Tagus Abyssal Plains, as seen on reflection profiles (
son et al., 1994; Mauffret et al., 1989), and folding, faulting, and
version of a large part of the Lusitanian Basin (Wilson et al., 198

Several plate-tectonic reconstructions have attempted to sho
original positions of North America, Iberia, and Europe (Klitgord a
Schouten, 1986; Le Pichon et al., 1977; Malod and Mauffet, 1
Masson and Miles, 1984; Olivet, 1996; Olivet et al., 1984; Sibuet
8
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Srivastava, 1994; Srivastava et al., 1990b; Srivastava and Verh
1992; Srivastava et al., 1988). The along-strike relative positions
the North America and Europe plates are not well constrained 
cause the oceanic crust that lies offshore the Grand Banks and Ib
was formed during the Mesozoic constant magnetic polarity inter
and because no large fracture zones occur at this latitude. A us
constraint is provided, however, by the northern termination of th
magnetic anomaly in the Iberia Abyssal Plain, a probable isoch
slightly older than M0, which should have been contiguous with t
north end of the J anomaly in the Newfoundland Basin. The vario
reconstructions differ by a few tens of kilometers in the north-sou
direction. The situation is further complicated by intraplate deform
tion and “jumping” plate boundaries, which imply that Iberia was a
ternately attached to Africa or Europe (Olivet et al., 1984; Srivasta
et al., 1990a). The reconstruction by Srivastava and Verhoef (19
is now generally regarded as the most closely constrained (Fig.
they also attempted, in another version, to include destretching of
continental crust.

Review of Studies of the West Iberia Margin

Research on the west Iberia margin has been concentrated in t
separate segments of the margin; these are the segment that lies
of Galicia Bank (which included Leg 103), the southern Iberia Aby
sal Plain segment (Legs 47B, 149, and 173), which extends from
Vasco da Gama Seamount to the Estremadura Spur, and the T
Abyssal Plain segment (Fig. 1). These investigations contributed
studies of lithospheric extensional structures in the crust and ma
(shear zones, detachment faults, block faulting), the emplacem
and seabed exposure of mantle rocks, synrift magmatism, the o
of seafloor spreading, and the characterization of the OCT (the O
is here defined as the region between the most seaward, unamb
ously continental fault block and oceanic crust). The margin se
ments exhibit both similarities and differences.

Galicia Bank Segment

The western margin of Galicia Bank, the northernmost of t
three segments, has been studied with seismic refraction, seismi
flection, and heat flow profiles (de Charpal et al., 1978; Hoffman a
Reston, 1992; Sibuet et al, 1987, 1995; Louden et al., 1989; Mauf
and Montadert, 1987; Mauffret and Montadert, 1988; Montadert
al., 1979a; Reston et al., 1995; Reston et al., 1996; Whitmarsh e
1996b), and has also been sampled extensively with dredges (Bo
et al., 1979; Dupeuple et al., 1976, 1987; Groupe Galice, 1979; Ma
fret and Montadert, 1987), submersibles (Boillot et al., 1988a, 199
Mamet et al., 1991), and by drilling (Boillot, Winterer, et al., 1988
The Galicia margin is the first place where mantle rocks were sa
pled in the OCT (Boillot et al., 1980), demonstrating that oceanic 
cretion does not immediately follow continental breakup.

A seismic refraction model across the margin shows a thinn
continental crust immediately east of a ~25-km-wide OCT, which
turn lies adjacent to a moderately thin (3 km) oceanic crust, wh
thickens rapidly to the west (Whitmarsh et al., 1996b). A layer wi
7.0−7.6 km/s velocity, which underlies the thinned continental cru
and the OCT, may represent either crustal underplating (Horsefi
1992) or serpentinized upper mantle (Whitmarsh et al., 1996b). T
seismic model is consistent with a gravity profile that indicates t
margin is in isostatic equilibrium. Because oceanic crust that form
during the Cretaceous constant magnetic polarity interval abuts
OCT at this latitude, conventional seafloor magnetics cannot date
beginning of seafloor spreading. However, Leg 103 scientists w
able to recognize an unconformity in their cores that they interpre
as the “breakup unconformity” (Boillot, Winterer, Meyer, et al
1987). The recognition of the reversed polarity paleomagnetic int
val M0 in cores from below this unconformity at Site 641 (Og
1988) indicates that breakup occurred about 120 Ma (Aptian in 
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Figure 1. Bathymetric chart of the west Iberia margin (contours at 200, 500, 1000, 1500 through 5500 m). Existing DSDP/ODP sites are shown by solid circles.
Sites drilled during Leg 173 are shown by solid triangles. Submersible dives that sampled rock and dredge sites are shown by solid squares and crosses, respec-
tively. Open diamonds trace the peridotite ridge. VdG = Vasco da Gama Seamount; VS = Vigo Seamount; PS = Porto Seamount; ES = Estremadura Spur. Inset
shows locations of drill sites relative to three seismic reflection profiles used to create the composite section in Figure 3.
9



SHIPBOARD SCIENTIFIC PARTY
OVERLAP

Newfoundland

55

IRELAND
UNITED

KINGDOM

FRANCE
OB

FC

GLB

PB

WB

HB

GB

CB
IGB

LB
TAP

SNB

NNB

IAP

M0

M0
IBERIA

JB

WAB

CSB

118 M.Y.

50 45 40 35 W

55 50 45 40 35

50 N

45

50

45
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M0 (Srivastava and Verhoef, 1992). The figure shows a 
simplified bathymetry on each plate, outlines of the sed-
imentary basins (shaded regions), and their plate tec-
tonic features (continuous lines). Also shown are the 
direction of plate motion (dashed lines) and the resulting 
overlap between plate boundaries (dark stippled 
regions). PB = Porcupine Basin; CSB = Celtic Sea 
Basin; WAB = Western Approaches Basin; OB = 
Orphan Basin; JB = Jeanne d’Arc Basin; WB = Whale 
Basin; HB = Horseshoe Basin; GB = Grand Banks; SNB 
= South Newfoundland Basin; TAP = Tagus Abyssal 
Plain; IGB = Inner Galicia Basin; CB = Cantabrian 
Basin; IAP = Iberia Abyssal Plain; NNB = North New-
foundland Basin; GLB = Galicia Bank; FC = Flemish 
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Mesozoic time scale of Gradstein et al. [1995] which is used in this
volume). This date is in good agreement with the seismic stratigraphy
of the margin, which also suggests a middle or late Aptian age of the
“breakup unconformity,” as was confirmed at DSDP Site 398 
during ODP Leg 103 (Mauffret and Montadert, 1988; Montader
al., 1979a; Sibuet et al., 1979).

A strong subhorizontal intrabasement reflector, the so-called 
flector, marks the lower limit of tilted fault blocks on the seismic
flection data (de Charpal et al., 1978). It is a major synrift feat
which was recently interpreted either as a major tectonic contac
tween the mantle and the crust related to synrift conjugate s
zones in the ductile lower crust and upper mantle (Beslier and B
1991; Brun and Beslier, 1996), or as a major brittle detachment
that controlled the final breakup of the lithosphere (Reston e
1996).

Sampling of the basement has shown that a north-south bas
ridge, which marks the oceanward edge of the OCT for more 
120 km off Galicia Bank, is made of serpentinized peridotite and
trusive gabbros (Boillot et al., 1980, 1988a, 1995a; Boillot, Winte
et al., 1988). Modeling of a deep-towed magnetometer profile str
ly suggests that this ridge marks an abrupt change from relat
strongly magnetized oceanic crust to the west to at least ten 
more weakly magnetized source rocks to the east (Sibuet et al., 1
The peridotites are spinel- and plagioclase-bearing harzburgite
lherzolite. They underwent four main events during their high-t
perature evolution (Beslier et al., 1990; Evans and Girardeau, 1
Girardeau et al., 1988): first, high-temperature (900°−1000°C) shear
deformation; second, limited partial melting; third, subsolidus
equilibration in the plagioclase stability field; and fourth, mylon
shear deformation at a lower temperature (850°C), under high d
toric stress, and at low pressure (i.e., in lithospheric conditions)
normal shear zone slightly dipping towards the continent. The r
were then fractured during and after serpentinization under su
face conditions (Agrinier et al., 1988; Girardeau et al., 1988). 
evolution is compatible with uplift beneath a rift zone. Mantle m
occur as gabbro and as a mylonitic Mg-chloritic rock that tentati
is believed to be derived from a Fe-Ti-rich gabbro (Schärer e
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1995). Dating by 40Ar-39Ar of an intrusive dioritic dike, which dis-
played a mylonitic foliation subparallel to that observed in the s
rounding peridotite, indicates a synrift age of the shear deforma
(122 ± 0.3 Ma; Boillot et al. [1989]). Wilson et al. (1996) re-exam
ined published seismic reflection data from the Galicia margin in
light of their seismostratigraphic study of the southern Iberia Abys
Plain (see below). They found no convincing evidence of reflect
divergence into fault footwalls indicative of synrift deposition, and
concluded that “earlier studies did not correctly identify the seis
expression and timing of the rifting episode”. They suggested 
rifting in the ODP Leg 103 area occurred after the deposition
Tithonian-early Berriasian carbonates and before early Valangin
turbiditic sediments that drape the tilted fault blocks formed dur
rifting. The basement of the tilted fault blocks is mostly composed
granite and granodiorite (i.e., of upper continental crust), charact
tics that suggest they belong to the Ossa Morena Variscan 
known on land in Iberia (Capdevila and Mougenot, 1988). The lo
presence of a late Devonian–early Carboniferous basin within
basement is in agreement with that conclusion (Mamet et al., 19
Recently, a thick cataclastic breccia has been sampled at the t
the mylonitized and cataclastically deformed mantle that mixes an
lar and heterometric pieces from both the mantle and the contine
crust. It is interpreted as a cold tectonic melange related to a m
shear zone that accommodated the lithospheric thinning at a late 
of the rifting, just before the final breakup (Boillot et al., 1995a).
thin basaltic layer covers the oceanward side of the northernmos
of the peridotite ridge. Dating of the basalts indicates that they we
emplaced about 100 ± 5 Ma ago, a date that is younger than the tim
of breakup (Malod et al., 1993).

Southern Iberia Abyssal Plain Segment

The southern Iberia Abyssal Plain (IAP) margin, which lies b
tween 39° and 41°N, has an unusually wide OCT (up to 130 k
clear crustal block faults, peridotite basement (exposed both a
one or more narrow ridges and possibly even more extensively)
evidence of limited synrift magmatism. Here, there is apparently
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obvious deep and extensive subhorizontal strong reflector like S, al-
though several intrabasement reflectors have been tentatively inter-
preted as tectonic contacts, one of which is dissected by higher angle
normal faults (Krawczyk et al., 1996). Such reflectors can be inter-
preted as evidence that the uppermost lithosphere of the OCT was
strongly affected by extensional tectonics. Using digitized versions
of their interpreted seismic lines, Wilson et al. (1996) produced
smoothed total tectonic subsidence (TTS) plots from which extension
factors (β) were determined. The plots suggest that a TTS of up to 6
km occurred, which indicates subsidence of either normal thickness
oceanic crust or of continental crust thinned by a β of between 5 and
7 at 135 Ma. The results of Leg 149 highlighted the need for more
basement drilling, principally within the OCT, in order to understand
the rift-to-drift tectonic and magmatic processes at this excellent ex-
ample of a nonvolcanic rifted margin. Further, independent geophys-
ical and laboratory work since Leg 149 has led to revised tectonic and
magmatic models (see below) for the rifting and initial seafloor
spreading at this margin (Brun and Beslier, 1996; Krawczyk et al.,
1996; Pickup et al., 1996; Sibuet et al., 1995; Whitmarsh and Miles,
1995; Whitmarsh and Sawyer, 1996), which could be tested during
Leg 173 by further drilling to basement.

Whitmarsh et al. (1993) studied this segment using seismic refrac-
tion and reflection profiles, gravity, and magnetics. They found that
the oceanic crust adjacent to the OCT is thin (4 km) and the OCT is
underlain by a layer of about 7.6 km/s. More extensive profiles ac-
quired in 1995 are currently being worked on (Dean et al., 1996).
Modeling of a single east-west gravity profile across the Iberia Abys-
sal Plain, which was constrained by a multichannel seismic reflection
profile and by the earlier seismic refraction profiles, appeared to con-
firm the existence of thinned continental crust landward of the unusu-
ally thin oceanic crust and the existence of a continuous subcrustal
3.26 Mg/m3 layer corresponding to the velocity of about 7.6 km/s
(Whitmarsh et al., 1993). A regional magnetic anomaly chart and
modeling of magnetic anomaly profiles across the Iberia Abyssal
Plain (Whitmarsh and Miles, 1995) strongly suggest that seafloor
spreading began about the time of anomaly M3 (126 Ma, Barremian)
but that crust to the east of M3 was weakly magnetized and included
a transitional zone between a peridotite basement ridge and continen-
tal crust. This analysis appears to be confirmed by deep-towed mag-
netometer profiles, which also conclusively indicate that the transi-
tional region locally, in the vicinity of two probably peridotite base-
ment highs, has relatively high magnetization intensities (Whitmarsh
et al., 1996a). The basement morphology and associated postrift sed-
iment folding strongly suggest that the peridotite basement ridge rep-
resents the counterpart in the Iberia Abyssal Plain of the peridotite
ridge drilled off Galicia Bank (Beslier et al., 1993; Boillot et al.,
1987b; Masson et al., 1994).

Two possible explanations for the unusual 7.6 km/s layer have
been proposed (Whitmarsh et al., 1993). First, it may represent under-
plated material emplaced at the time of rifting and breakup as in the
model of White and McKenzie (1989); although such material is
commonplace on volcanic rifted margins, the essential lack of synrift
volcanism on the west Iberia margin, the restriction of the layer to
only the parts of the OCT where the seismic “crust” is thinnest, 
the rather high velocity associated with the layer all strongly sug
this explanation is unlikely to be correct. Second, the layer may
resent serpentinized upper mantle peridotite. Serpentinization c
have occurred during the late stages of continental rifting, imm
ately after lithospheric breakup and during the onset of sea
spreading because of the relatively easy access of seawater (po
thermally driven) to the upper mantle through the thin overly
basement layer. This is analogous to the serpentinization of th
permost mantle known to have occurred in oceanic fracture zo
Beslier et al. (1993) also favored this interpretation, by analogy 
the existence of serpentinized peridotite and the seismic structu
the adjacent Galicia margin segment (Boillot et al., 1989, 1992)
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even more extreme view was recently indicated by Pickup et a
(1996) interpretation of a deep multichannel reflection profile acr
the southern Iberia Abyssal Plain, on which a seismically unrefl
tive uppermost basement layer is interpreted as highly serpentin
peridotite that experienced vigorous, hydrothermally driven conv
tion of seawater to a depth of 1.0−2.5 km.

Wilson et al. (1996) were unable, save for one possible excep
to identify any unequivocal synrift intervals on seismic lines sh
across the Iberia Abyssal Plain. They concluded that the rift epis
“occurred over a very short interval of time so that synrift sedim
tary successions did not accumulate to produce a seismically re
able thickness”. On the basis of seismic profiles and ODP core 
obtained from the Iberia Abyssal Plain and a reinterpretation of sim
ilar data from the Galicia Margin (summarized above), they concl
ed that rifting occurred between the late Berriasian and early Vala
inian in both areas. This interval between 134 and 140 Ma is con
tent with the 40Ar/39Ar age of 136.4 ± 0.3 Ma related to the end o
shear deformation reported by Féraud et al. (1996) from Site 9
However, a rift duration as short as ~5 m.y. should have resulte
the generation of substantial quantities of melt (Bown and Wh
1995), for which there is no evidence.

Tagus Abyssal Plain Segment

In the Tagus Abyssal Plain, Pinheiro et al. (1992) showed mag
ic models that indicate seafloor spreading began about 133 Ma (
anginian). They used seismic refraction, seismic reflection, and m
netic profiles to show that the oceanic crust adjacent to the OC
unusually thin (2 km) and that there is a transitional region betw
the thinned continental crust and the thin oceanic crust, which,
though not truly oceanic (for example, it has no seafloor-spread
magnetic anomalies), has a magnetization far stronger than is us
associated with continental crust. This may indicate the presenc
intrusive and extrusive material within the basement of the tran
tional region. The thin oceanic crust is underlain by a 7.6 to 7.9 k
layer, which is probably serpentinized peridotite.

Gorringe Bank, which marks the southern limit of the Tag
Abyssal Plain, is a 180-km-long and over 4000-m-high east-no
east−west-southwest ridge adjacent to the Azores/Gibraltar pl
boundary. The bank is a slab of Mesozoic lithosphere uplifted dur
the Cenozoic. The bank is capped by two mounts of similar wa
depth: Mount Gettysburg (24 m) to the southwest and Mount 
monde (50 m) to the northeast. DSDP Leg 13 demonstrated tha
bank is mantled by a cover of Barremian−Aptian pelagic sediments
(Shipboard Scientific Party, 1972). Several cruises with dredg
(Prichard and Cann, 1982) and diving (Auzende et al., 19
Auzende et al., 1978; Cyagor Group, 1977; Cyagor II Group, 19
showed that Mount Gettysburg essentially consists of largely serp
tinized peridotites and crosscutting doleritic dikes. The mantle ro
are spinel-bearing harzburgites, with a few dunite and webste
bands; locally, plagioclase and clinopyroxene occur as trace evide
of impregnation by basaltic magmas (Serri et al., 1988). Toward
northeast, a supposed tectonic contact superposes gabbros o
peridotites. Mount Ormonde is mostly composed of various gabb
corresponding to different stages of differentiation (Cyagor II Gro
1984). They are crosscut by numerous dikes, either doleritic or a
line (Cornen, 1982), which are significantly younger (65−67 Ma;
Féraud et al., 1986). Locally, the gabbros display narrow myloniti
bands that developed at high temperature before an episode of h
thermal metamorphism (Mével, 1988) and low-temperature brec
tion. Some preliminary results from recent dives (Girardeau et al
press) show the occurrence of some lherzolites in the harzburg
and of gabbros on Mount Gettysburg, and suggest that the mylo
zation of the gabbros on Mount Ormonde is associated with the o
inal Early Cretaceous opening of the Atlantic Ocean at this latitu
Therefore, Gorringe Bank may represent a cross section of oce
11
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crust and upper mantle (Cyagor II Group et al., 1984; Féraud e
1986; Prichard and Cann, 1982), comparable to oceanic lithosp
formed during the early stages of oceanic spreading (Girardeau, 
in press), or even a cross section of the OCT itself (Girardeau e
in press; Whitmarsh et al., 1993).

THE OCEAN/CONTINENT TRANSITION IN THE 
SOUTHERN IBERIA ABYSSAL PLAIN

Results of Leg 149

During Leg 149 a west-to-east transect of five sites was drille
the southern Iberia Abyssal Plain, three of which (Sites 897, 899
900) reached acoustic basement (Figs. 1, 3). A fourth site (Site 
enabled a firm prediction to be made that the underlying baseme
continental crust. The sites had been chosen in the context of a
ceptual model of the location of the OCT previously defined by gr
ity, magnetic and seismic velocity modeling, and by seismic ref
tion profiles and with the advantage of information acquired from
adjacent Galicia margin segment. The results obtained during th
broadly confirmed this model but also produced some surpr
(Sawyer, Whitmarsh, Klaus, et al., 1994; Whitmarsh, Sawyer, Kla
Masson, 1996).

Site 897, situated on the crest of a narrow elongate base
ridge, penetrated up to 153 m of partly brecciated serpentinized 
dotites, the nature and evolution of which are comparable to tho
the Galicia margin. The peridotites differ in having a larger variety
types, from spinel dunites and harzburgites to spinel-plagiocl
bearing peridotites, including harzburgites, lherzolites, and pyrox
ites. They underwent limited partial melting under plagioclase fa
conditions that was followed by some impregnation by melt prod
during the last stages of a high-temperature (~900°C) shear defo
tion event (Beslier et al., 1996; Cornen et al., 1996a). A subsol
reequilibration event occurred, during ongoing ductile shear de
mation under lithospheric conditions (high deviatoric stress, P
GPa), which ceased at a temperature close to 735°C. A comple
intense deformation, which occurred under subsurface condit
during the serpentinization of the rocks (Agrinier et al., 1996; Mill
en et al., 1996), documented the late emplacement of the tecton
denuded mantle dome at the rift axis, suggesting that the mantl
be highly stretched in the OCT after continental breakup (Beslie
12
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al., 1996). As Beslier et al. (1993) suggested from seismic reflect
data, these results confirm that mantle rocks form a more or less 
tinuous basement ridge at least 300 km long in the OCT of the w
Iberia margin. Modeling by Whitmarsh et al. (1996a) of deep-tow
magnetometer profiles over the southern Iberia Abyssal Plain, the
pography of the top of acoustic basement (Fig. 4), and seismic ve
ities of Whitmarsh et al. (1990) suggest that the Site 897 ridge lie
the landward edge of thin oceanic crust that formed in late Barrem
time at a spreading half-rate of 10 mm/yr (~124 Ma ago).

Site 899, situated on an isolated sub-circular basement high (
4), encountered an unusual sequence of three serpentinite bre
units with minor fossiliferous claystones containing early Aptia
nannofossils. Beneath lies an early Aptian sequence of mass flow
posits consisting of boulder-sized blocks of unbrecciated serpe
nized peridotite and other minor clasts and intercalated claystone
siltstone. The peridotites appear to have experienced the same p
structural evolution as at Site 897. The petrology of the rocks diff
only in detail with no websterites and fewer harzburgites and dun
relative to lherzolites; plagioclase-bearing lherzolites have be
clearly identified only at Site 899 (Cornen et al., 1996a). It is almo
certain that at Site 899 true basement was not reached but a perid
outcrop may not have been far away at the time of emplacemen
the breccia units. It has been suggested that these are either subm
landslide deposits (Gibson et al., 1996) or cataclastic breccias
cluded in an olistostrome derived from a possible, but so far unid
tified and more distant, transform fault near the southern margin
Galicia Bank (Comas et al., 1996). However, this site may be atyp
of the OCT within which it lies, because a high-resolution magne
anomaly chart, produced since Leg 149 (Fig. 5), clearly shows 
site is associated with an isolated magnetic high whose amplitude
shape are atypical of the rest of the OCT (Miles et al., 1996). Furth
modeling of deep-tow magnetic profiles indicates that the bulk ma
netization of the crust is unusually high, higher than oceanic crust
the vicinity of Site 899 (Whitmarsh et al., 1996a); this is support
by measurements on the cores that indicate that the Site 899 per
ites are, on average, five times more strongly magnetized than
Site 897 peridotites (Zhao, 1996).

At both Sites 897 and 899, the clasts in various mass-wasting
posits provide important evidence of the sorts of rocks that were 
posed within the OCT during rifting. At Site 897 the conglomerat
of Subunit IIIB yield rounded clasts of claystone and chalk/limesto
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with minor dolomite, basalt, arkosic to lithic sandstones, mica schist,
basalt, serpentine, and mica. At Site 899 Unit IV contains clasts of
metamorphosed or unmetamorphosed ultramafic and mafic rocks
(serpentinized peridotite, submarine basalts, microgabbros, chlorite-
bearing schists, and amphibolite). Thus, quite a wide variety of igne-
ous, and some metamorphic, rocks can be found as clasts in the coars-
er fraction of sedimentary units at Sites 897 and 899. Except for the
Site 900 gabbro (see below), most mafic rocks display a wide range
of composition that overlaps the tholeiitic and transitional fields;
some lavas have alkaline affinities (Cornen et al., 1996b; Seifert and
Brunotte, 1996). The chlorite-bearing schists may be considered to be
former differentiated Fe-Ti leucogabbro or plagiogranite (Cornen et
al., 1996b). This does not strongly support the idea of a widespread
MORB-like oceanic crust in the OCT. Other clasts suggest the exist-
ence of a variety of prerift sedimentary rocks but it is impossible to
say whether these cropped out on the continental shelf and slope or
closer to the sites.

Site 900 penetrated 56 m of fine- to locally coarse-grained flaser-
ed gabbro that underwent three main tectono-metamorphic events
during its evolution. First, the gabbro was highly sheared under rela-
tively high-temperature (high amphibolite to granulite facies) and
high-pressure (≥0.4 GPa) conditions (Cornen et al., 1996b) that end-
ed around 136 Ma in lower grade metamorphic conditions (Férau
al., 1996). This deformation generated a clear foliation in the ro
and a granuloblastic to porphyroclastic texture that obviously res
from dynamic recrystallization during intense shear deforma
 et
ks
lts
n

(Féraud et al. (1996); Beslier et al., unpubl. data). Because both
neoblasts and the porphyroclasts of plagioclase and clinopyro
have similar compositions, it is inferred that the high-pressure 
high-temperature conditions still existed during the shearing ev
(Cornen et al., 1996b). Second, retrometamorphism to greenschi
cies conditions under static conditions occurred after the ductile s
deformation. Third, a complex and intense extensional deforma
under greenschist facies conditions, aided by hydrothermalism, o
printed the previous features. It is mainly expressed by fractu
with local brecciation of the rocks (Beslier et al., unpubl. data). T
origin of these rocks is still a matter of debate. Seifert et al. (19
and Seifert et al. (1997) consider them to be cumulate gabbros
cause they have high initial εNd values (+6.3 to +10.3 at 136.4 Ma
that are normally restricted to MORB rocks. Therefore, they infer t
an active mid-ocean ridge magma chamber was present but tha
sequently the associated spreading center was abandoned
“jumped” westward. However, the high-grade shearing deforma
is not compatible with an evolution at an immature spreading a
Cornen et al. (1996b) consider that the flaser gabbros have major
trace-element compositions that are closer to those of transiti
magmas formed at the beginning of rifting than to normal MOR
like magmas. They propose that these rocks have crystallized 
transitional to tholeiitic synrift magmas that accumulated and slo
cooled at the base of the continental crust as underplated mat
which was subsequently sheared during continental stretching. 
hypothesis, however, is unable to explain the MORB isotopic sig
13
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ture of these rocks, at least partly because we are ignorant of the
geochemical signature of such underplated material. Additional data,
in particular geochemical data, are needed to better constrain the or-
igin of these rocks and to help discriminate between these two hy-
potheses. If the second hypothesis is finally favored, then the Iberia
Abyssal Plain is a unique place to characterize underplating process-
es at nonvolcanic passive margins.

Site 901 penetrated sediments that conformably overlie a tilted
fault block but time constraints caused drilling to be terminated be-
fore basement was reached; the hole encountered Late Jurassic (early
Tithonian; 149−151 Ma) nannofossils and foraminifers in terrestrial-
plant–rich sediments, some 350 m above apparent acoustic base
These sediments contain neritic (<200 m) benthic foraminifers bu
deep-water species. The originally shallow depth and great su
ence (~4500 m) of this site and the sediment age (~24 m.y. older
the best estimate of the onset of seafloor spreading at this lati
strongly suggests it is underlain by continental crust.
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The crestal location on basement highs of late Barremian−Aptian
debris flows and rock fall deposits cored at Sites 897 and 899 puz
Leg 149 scientists. This was because such mass flow deposits w
be expected to flow downslope away from the crests and to accu
late in the basins between the highs. Moreover, the deposits are a
1 km higher than the top of seismostratigraphic Unit 6 as defined
Wilson et al. (1996), which is believed to be Hauterivian/possible V
langinian to Aptian in age. As yet there is no commonly agreed-up
explanation for this vertical separation, nor for the occurrence
mass wasting deposits at crestal locations. Using the revised p
cruise biostratigraphy, Whitmarsh and Sawyer (1996) suggested
significant basement relief was created at both sites after deposition
of these deposits, in early late Aptian (~116 Ma) at Site 897 and
early Aptian (~117−121 Ma) at Site 899, 6−11 Ma after the best esti-
mate of the onset of 10 mm/yr seafloor spreading (approximately
start of anomaly M3, 127 Ma). Wilson et al. (1996) found no e
dence for deformation of younger seismostratigraphic units t
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would be expected if the basement ridges had been uplifted after the
Aptian. Following creation of the highs, sedimentation was practical-
ly insignificant (0.4 m/Ma at Site 897 and 1.3 m/Ma at Site 899) for
over 60 Ma until the sites were eventually inundated by abyssal plain
sediments in the early−middle Eocene.

Thus, in summary, the results of Leg 149 combined with the geo-
physical data proved the existence of a peridotite ridge at the land-
ward edge of the inferred oceanic crust formed by ~10 mm/yr half-
rate seafloor spreading. They also showed that between this ridge and
Site 901, which is situated on a fault block of almost unequivocal
continental crust, there exists a 130-km-wide OCT, much of which is
probably underlain by a heterogeneous basement. One indication of
the transitional nature of this basement may be the MORB-like to
transitional gabbro at Site 900; other indications are the presence of
petrogenetically transitional to alkaline mafic clasts in mass wasting
deposits at Sites 897 and 899. The magnetic and seismic reflection
character and velocity structure of the basement provide additional
evidence that has been used to suggest a broad zone of subsediment
mantle outcrop (see below). Whether the Site 900 gabbro is pre- or
synrift in age, the original granulite metamorphic grade and the 40Ar/
39Ar age of the end of the ductile deformation implies that the gabbro
was exhumed by important synrift tectonics that accompanied litho-
spheric extension. Although Site 899 sampled a serpentinite breccia
and an underlying serpentinized peridotite mass-flow deposit, mag-
netic evidence suggests that the basement of this site may be atypical
of the rest of the Iberia Abyssal Plain OCT and it may not be correct
to infer continuity of peridotite basement between Sites 897 and 899.
Models that explain many of these observations are presented below.
Leg 173 planned to test such models by focusing on the nature and
evolution of the basement itself within this zone and on the possible
major tectonic contacts that have been identified there.

MODELS FOR THE FORMATION OF THE OCT
IN THE SOUTHERN IBERIA ABYSSAL PLAIN 

Based on the Leg 149 results, the latest time- and depth-migrated
seismic reflection profiles in the southern Iberia Abyssal Plain, an in-
terpretation of the new magnetic anomaly chart (Fig. 5), and other
geophysical observations a series of preliminary tectonic and mag-
matic models for lithospheric rifting and OCT formation on the west
Iberia margin has been produced since Leg 149 (Brun and Beslier,
1996; Krawczyk et al., 1996; Pickup et al., 1996; Whitmarsh and
Sawyer, 1996). The models emphasize different processes (e.g., con-
tinental stretching and breakup, or the nature and structure of the
OCT formed after continental breakup), and differ in the relative im-
portance attributed to the nature of the basement cores relative to the
geophysical observations, in the significance attributed to the peri-
dotite ridge, and in whether the east-west distribution of different
basement rocks within the OCT is considered to be systematic or just
random. Such a variety of approaches was valid after Leg 149 be-
cause the number of drill sites that had reached basement remained
very small.

The principal feature of the reduced-to-the-pole magnetic anoma-
ly chart is the existence of a region, extending from the peridotite
ridge to 11°15′W, with low-amplitude linear anomalies that parall
the seafloor-spreading isochrons (Fig. 5), which have yet to be 
vincingly modeled by seafloor spreading (Whitmarsh and Mil
1995; Whitmarsh et al., 1996a). East of 11°15′W, the anomalies are
less well organized yet have a predominant trend about 30° diffe
from those immediately to the west. A new model (Whitmarsh a
Miles [1995]; Whitmarsh and Sawyer [1996]) explains the isochr
parallel anomalies in the OCT by the intrusion of material into aco
tic basement, under the same stress conditions as eventually ac
n-
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Figure 6. The magnetic, seismic velocity, and seismic reflection contrasts
between the central and eastern zones in Figure 5 can be explained by a
model featuring a propagating rift (Whitmarsh and Miles, 1995). The plan
view (top of figure, not to scale) illustrates this scenario. The model includes
A = unthinned continental crust; B = continental crust thinned by tectonic
extension with upper crust normal faults; C = a transitional crust consisting
of blocks of faulted continental crust and a high density of intrusives (black),
which are oriented parallel to the seafloor spreading anomalies; D = oceanic
crust produced by seafloor spreading. The three cross-sections (XX′, YY′,
ZZ′; not to scale) show schematic views through the plan view. Irregular
branching vertical lines = dikes, + = continental crust, v = oceanic crust, × =
peridotite ridge, and the stippled area in YY′ and ZZ′ = serpentinized peri-
dotite. Fault symbols (lines with tick marks in B and C) denote rifted conti-
nental crust on the top plan view.
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pany the onset of seafloor spreading (Fig. 6), during the northward
propagation of a rift between the proto-Iberia and North America
plates. Propagating-rift models of continental breakup are indicated
off west Iberia by the fact that the seafloor spreading anomalies
“pinch out” against the margin so that progressively younger ano
lies are found against the margin in the south-to-north directio
which continental breakup proceeded. Within the central (transit
al) zone of the model, continental crust is surrounded and impreg
ed by intrusive, and possibly extrusive, material formed from pas
upwelling of magma created by limited decompression partial m
ing that occurred during a late stage of continental rifting. The ne
fect is that the original continental crust becomes substantially
tended normal to the margin by the addition of igneous material
der the same stress conditions that eventually allow the steady
creation of oceanic crust by seafloor spreading. The intrusives 
become aligned in a direction parallel to the eventual seafl
spreading anomalies. Subvertical magnetization or susceptib
contrasts between such materials, and even within contrastin
truded material (e.g., reversals in polarity), could be the explana
16
a-
in
n-
at-
ve
lt-
ef-
x-
n-
tate
us
r-

ity
in-
on

for the low-amplitude linear magnetic anomalies, parallel to the 
floor spreading anomalies, which are observed today (see Fig. 
comparable situation may be exposed today on the Arabian marg
the central Red Sea (Coleman, 1993). A deep, rather than sha
crustal magnetic source is qualitatively indicated by the lack of c
relation between the reduced-to-the-pole magnetic anomalies an
basement relief along east-west multichannel seismic reflection
files in this area (Figs. 4, 5, 7). Further evidence is provided by s
mic refraction data. North-south Line 2, shot at 11°50′W in the tran-
sitional zone, has higher basement velocities, perhaps indicatin
presence of mafic intrusives, than Line 1, shot just east of Site
(Fig. 5; Whitmarsh et al. [1990]). Thus, some geophysical data 
gest that synrift magmatic intrusion may have occurred within 
OCT. Gravity modeling based on these refraction data, and a mo
cent seismic model based on more extensive data collected alon
file IAM-9 a few tens of kilometers to the south of the Leg 149 s
(Dean et al., 1996), suggest the widespread occurrence of a ser
nized peridotite layer within a few kilometers of the top of acou
basement. This model can explain the synrift, apparently MORB-
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Figure 8. Diagram illustrating an initial, simplified 
model for extension of the lithosphere controlled by 
detachment faulting during rifting on the southern
Iberia Abyssal Plain margin. In a first phase of rifting, 
lithospheric extension may have been accommodated 
by detachment faulting and accompanied by conse-
quent melting and intrusion of gabbro into the lower 
crust at about 136 Ma (Féraud et al., 1996). Block-
faulting subsequently cuts the upper plate into tilted
blocks dismembering the detachment system and th
lower plate. The resulting crustal cross section show
an oceanward deepening of the lithospheric level co
sistent with the results of Leg 149 (from Krawczyk e
al., 1996).
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gabbros at Site 900 as the product of local asthenospheric melting,
much as Bonatti (1985) proposed the existence of punctiform initia-
tion of seafloor spreading in the Red Sea.

An alternative interpretation of the region between Sites 897 and
901 is that it has formed by ultraslow (~5 mm/yr) seafloor spreading
(Sawyer, 1994; Whitmarsh and Sawyer, 1996). This hypothesis is
largely based on the suggestion of a MORB parental source for the
Site 900 gabbro and draws strength from some similar characteristics
of ultraslow, but generally steady-state, seafloor-spreading crust in
the oceans. Although the model is unable to explain either the lineat-
ed magnetic anomalies between the peridotite ridge and 11°15′W (at-
tempts to model these anomalies by seafloor spreading have s
been unsuccessful) or the transitional to alkaline mafic clasts in s
cores, it predicts a scattered distribution of gabbro and serpentin
peridotite within the region. The model remains valid so long as
continental basement rocks are recovered from the region.

The basement of the eastern part of the OCT also appears 
strongly affected by extensional tectonics and other, more deta
models have sought to relate features on multichannel seismic re
tion profiles to tectonism (Beslier et al., 1995; Brun and Besl
1996; Krawczyk et al., 1996; Pickup et al., 1996). Such features
particularly clear on the time-migrated Lusigal-12 seismic reflect
profile running east-west along 40°40′N (Fig. 7). Between Site 900
and the next basement high to the east (labeled FB), bright west
ping to subhorizontal intrabasement reflectors bound landwa
thickening wedge-shaped tilted blocks, overlain by landward-thi
ening wedges of sediments, that may or may not be interprete
synrift (Wilson et al., 1996). These reflectors end at depths at the
el of another bright reflector (H in Fig. 7), ranging between 6 and
km. According to Krawczyk et al’s. (1996) interpretation, H cu
down from the central high with an oceanward dip, but flattens, tu
and cuts up toward the top of the Site 900 high as a band of str
landward-dipping reflectors. The easternmost high, where Site 90
located, appears to be a large tilted fault block capped by a seism
ly transparent layer of pretilting sediments. Five hundred meters w
of Site 901, the seafloor is marked by a 80-m-high scarp, which is
surface expression of recent movement (differential compactio
across a large fault structure forming the western side of the t
block. The fault can be followed at depth as a bright reflector (L
Fig. 7) over a distance of almost 25 km. L appears on the time se
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to be listric, flattening at ~10.2 s TWT (12−14 km) beneath the fault
block FB.

Cores from Sites 897 and 900 show that mantle upwelling a
limited coeval partial melting, induced by adiabatic decompressi
of the peridotites was followed by ductile shearing. The petrostr
tural evolution of the Site 900 gabbro suggests that it represents 
products that have been intruded/underplated near the base o
crust during extensional shear deformation in the lithosphere. In g
agreement with these data, tectonic models support the existen
large-scale shear zones/detachment faults, along which the ma
and the associated granulite facies gabbro of Site 900 were exhu
This shear deformation and the block faulting led to final breaku
These models predict the exposure of progressively deeper li
spheric levels to the west of Site 900 and possible synrift melt in
sion into the lower crust or uppermost mantle west of Site 901. T
also recognize that the geometry of tectonic features, interprete
exist on seismic profiles, includes the result of intense late stage
formation, in good agreement with the last phase of complex and
tense deformation of the rocks. However, the two models propo
below differ in the mechanisms of stretching and breakup of the c
tinental lithosphere, and therefore on the geometry of the lithosph
shear zones/detachment faults.

Mainly from the geometry of the seismic reflectors, Krawczyk 
al. (1996) infer two phases of rifting (Fig. 8). The H reflector is inte
preted as a large detachment fault that originally cut down to the w
and accommodated top-to-the-west simple-shear motion in the up
lithosphere. This movement would have brought lower crustal a
mantle rocks close to the surface to the west, similar to the model
tially proposed by Wernicke (1981). During progressive extens
and exhumation of the lower plate, the unloading of the lower pl
to H caused this plate to bow up, as inferred for detachments faul
the western United States (Lister and Davis, 1989). This may h
rendered at least part of H inactive. The current attitude of H is
ferred to be the result of a second phase of faulting in which the H
tachment and the lower plate to the west of it, were dissected
steeper west-dipping faults that accommodated the block faulting 
the landward tilting of the fault blocks. Although the L reflector is th
most pronounced structure interpreted to have been active during
later phase, other, less clearly imaged faults, which are approxim
ly planar, bound the western flanks of basement highs FB and 
17
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Figure 9. Progressive stretching, from rifting initiation 
(A) to continental breakup (D) of a four-layer brittle-
ductile continental lithosphere (from Brun and Beslier, 
1996). (A) Initial shear-strength profile of the conti-
nental lithosphere; intermediate stages (B and C) illus-
trate the development of conjugate shear zones in the 
ductile lower crust (LCSZ) and in the ductile litho-
sphere mantle (MSZ) and show the breakup of the 
uppermost brittle mantle (C). According to this model 
of lithosphere boudinage based on small-scale analog-
ical experiments, the continental breakup leads to 
mantle exhumation at the conjugate passive margins 
and to an external symmetry but an internal asymme-
try of the rifted zone. An interpretation of the Iberia 
Abyssal Plain margin structure is proposed in the bot-
tom sketch.
900. The second phase of faulting caused back rotation not only of
the fault blocks, but also of detachment H itself, causing it to be
present on top of the basement high sampled at Site 900. Thus, Site
900 may have sampled material (the product of synrift or prerift melt-
ing) underplated to the lower crust that has been exhumed through
detachment faulting and subsequently tilted by block faulting. As the
block faulting appears to have dissected the entire detachment sys-
tem, it is inferred that mantle thinning may have taken place over a
broad zone during detachment faulting, rather than being localized
down-dip of the detachment, suggesting that no single detachment
developed, but rather that extension in the lower lithosphere may
18
have been accommodated ductily or along a system of extensional
structures.

Based on an interpretation of the Lusigal-12 line, on the geologi-
cal data available in the Iberia Abyssal Plain, and on small-scale an-
alogical models of lithosphere necking, Beslier et al. (1995) and Brun
and Beslier (1996) proposed another model of formation of the mar-
gin and the OCT, which is extrapolated from a model proposed for
the formation of the Galicia margin (Beslier and Brun, 1991; Boillot
et al., 1995b; Brun and Beslier, 1996). Pickup et al. (1996) developed
a model based on deeply penetrating faults and other features ob-
served along IAM-9, a deep multichannel seismic line subparallel to,
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and a few tens of kilometers south of, the Lusigal-12 line, that in-
volves lithospheric necking and the changing response to extension
of the lithosphere as it passes from a plastic to a brittle regime.

In the Brun and Beslier (1996) model, as now widely accepted for
a continental lithosphere with a ~35-km-thick crust and a stable geo-
therm, the initial lithosphere is assumed to present a four-layer type
strength profile (with two relatively high-strength zones correspond-
ing to the middle crust and the upper part of the lithosphere mantle;
Fig. 9). Stretching of such a brittle-ductile multilayered lithosphere
leads to nearly symmetrical necking of the whole lithosphere (pure
shear) and also to the internal development of asymmetrical struc-
tures (simple shear) because of heterogeneous boudinage and/or
faulting of brittle layers (upper crust and uppermost mantle). Relative
movement between brittle layers caused by offsets between crust and
mantle boudins is accommodated by layer-parallel shear in the duc-
tile layers (lower crust and upper mantle) defining a set of conjugate
shear zones. With increasing stretching (Fig. 9), breakup of the brittle
upper mantle occurs, and lower crust and mantle shear zones become
juxtaposed as the lower ductile mantle layer rises up through the
breakup zone. Localization of stretching in the upper part of the litho-
sphere mantle produces asymmetry in the lithosphere, even if no pre-
viously inherited asymmetry was present. A system of tilted blocks
develops in the brittle crust over the ductile crustal shear zone. Ex-
treme crustal thinning in the central part of the necked lithosphere re-
sults in mantle exhumation. Accordingly, the exhumation of litho-
spheric mantle is the result of bulk pure shear at lithospheric scale.
Shearing of exhumed mantle rocks does not correspond to detach-
ment faults cross-cutting the whole lithosphere at the onset of rifting
but results from heterogeneous stretching and boudinage of the high-
strength uppermost mantle. Mantle rocks that appear at the extremes
of the two conjugate passive margins are those that have been sheared
along mantle shear zones. The pre-existing sub-continental Moho
passes laterally toward the breakup zone into a newly formed Moho,
which vertically juxtaposes the ductile mantle and the lower crust, or
even the upper brittle crust (Fig. 9). In the Iberia Abyssal Plain, the H
reflector is then interpreted as a major synrift tectonic contact that re-
sults from intralithospheric shear zones that brought into contact the
(upper?) crust and the underplated gabbros produced by the partial
melting of the mantle. It implies that the whole area located between
Site 900 and the oceanic crust is a tectonic window opened on deep
lithospheric levels (serpentinized peridotite and associated underplat-
ed gabbros). The complex late deformation in greenschist facies con-
ditions observed in both peridotite and gabbro and the considerable
width (130 km) of the OCT suggest that the mantle and associated
mafic rocks can be stretched over a large width after the continental
breakup is completed and before a mature accretion axis has become
established.

Although currently it is hard to explain the lineated magnetic
anomalies in the OCT (Whitmarsh and Miles, 1995) by the above tec-
tonic models, this results more from unfamiliarity with the geophys-
ical characteristics that such an unusual zone would possess than
from any specific contrary argument.

Even though one may argue about the details of the above inter-
pretations, and how some of these models could be combined to bet-
ter explain both continental breakup and OCT formation, it is certain-
ly possible that a major tectonic contact approaches the basement sur-
face near Site 900. Further drilling took place during Leg 173 in order
to clarify the nature and petrostructural evolution of the rocks in-
volved in this major synrift extensional structure and the kinematics
of the deformation, to investigate the nature of the basement in the
transition zone, to seek evidence of synrift magmatism, and to deter-
mine the nature and evolution of the adjacent continental and oceanic
crusts.
SCIENTIFIC DRILLING OBJECTIVES

As outlined above, Leg 149 largely succeeded in determining the
oceanward and landward bounds of the OCT in the southern Iberia
Abyssal Plain. The principal problem that remained was to refine
knowledge of the nature and evolution of the basement rocks and
their relationships within the OCT itself, both for its intrinsic rele-
vance to the general problem of rift-to-drift processes and to test as-
pects of our best working models of these tectonic and igneous pro-
cesses at the west Iberia nonvolcanic margin. Sites were therefore
chosen for Leg 173 (Figs. 1, 3–5) with the following objectives:

1. To sample acoustic basement, principally within the OCT, to
characterize those tectonic and magmatic processes that do
inate the transition from continental to oceanic crust in spac
and time (see Sites 901, IBERIA-07B [which became 1069]
IBERIA-08B [1065], IBERIA-09A/09B [1067/1066], IBE-
RIA-09C [1068], and IBERIA-10A [1070]).

2. To determine the role of simple shear deformation in the evo
lution of the margin. This was to be done by drilling through a
major synrift tectonic contact on the east side of the high o
which Site 900 has already been drilled. Figure 10, in which
the H reflector can be traced almost continuously to the top o
the fault block, shows this possibility particularly clearly. This
interpretation is supported by the retrograde evolution and in
tense deformation of the Site 900 gabbros from granulite t
greenschist facies conditions. The seismic image at Site 90
suggests that the site could be located very close to the pla
where H intersects the acoustic basement surface, a result
late normal faulting along the west-dipping steep fault bound
ing the western flank of the basement high. By offsetting som
hundreds of meters to the east of Site 900, however, the pos
bility existed to drill through the complete shear zone/detach
ment. This latter site (two alternative sites, IBERIA-09A/09B
[1067/1066] were proposed) was also expected to enable th
mode and kinematics of the deformation along the tectoni
contact to be determined and the lateral extent of the Site 90
mafic rocks to be assessed. Another site (IBERIA-07B [1069]
was drilled on the westernmost basement high associated wi
a westward-dipping listric normal fault, to test the prediction
that continental breakup led to the exposure of progressive
deeper lithospheric levels (low level crust or even uppermos
mantle) westward in the OCT (see Sites IBERIA-07B [1069],
IBERIA-09A/09B [1067/1066], and IBERIA-09C [1068]).

3. To determine the role and extent of synrift magmatism in th
OCT basement, which is inferred to exist from the new mag
netic anomaly chart and Site 900 cores. Using isotopes, to d
termine the petrogenetic origin and dates of origina
crystallization and subsequent metamorphism of igneou
rocks (see Sites 901, IBERIA-07B [1069], IBERIA-08B
[1065], IBERIA-09A/09B [1067/1066], and IBERIA-09C
[1068]).

4. To sample basement beneath Site 901 or Site IBERIA-08
[1065] to confirm predictions of the existence of continental
crust there, to determine the approximate level in the crus
from which it came, and thereby to set an unequivocal land
ward limit to the OCT (see Sites 901, IBERIA-08B [1065]).

5. To sample the probably atypical early-formed oceanic crus
This remains unsampled in the Iberia Abyssal Plain and it
presence and location are inferred only by geophysical obse
vations. Samples from this site were expected to provide de
finitive evidence of the oceanic nature of the crust
19
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immediately (20 km) west of the peridotite ridge and, by bio-
stratigraphic or isotopic dating, may enable the seafloor-
spreading model to be verified. Samples were also expected to
yield the possibly unusual chemistry of the thin crust formed
by the earliest magma-starved seafloor spreading and provide
valuable petrological information about initial melt production
(cf. Site 900 gabbro), following continental breakup at a non-
volcanic margin (see Site IBERIA-10A [1070]).
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Figure 10. Prestack depth-migrated image of profile Lusigal-12 near Sites 900, 1067, and 1068 (modified from Krawczyk et al, 1996). A probable major synrift
tectonic contact (the H reflector) appears to surface here: Site 900 is interpreted, on the evidence of intense ductile shearing of the gabbro under granulite facies
conditions (dynamic recrystallization at a depth of ~13 km, which ended during the rifting) to have been drilled at or very close to the contact. Two alternate
sites east of Site 900 were proposed, one to penetrate supposed early synrift sediment and into the tectonic contact, and the other to penetrate the same synrift
sediment, through the prerift sediment or basement overlying the tectonic contact, and finally through the detachment itself. Eventually only Site 1967 and the
new Site 1068 were drilled west of Site 900 during Leg 173. 
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