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not possible to meaningfully restore the section
further. That the CMB was already offset by
faults when the crust had been thinned to approxi-
mately 6 km is completely consistent with the
expected rheological evolution of the crust, which
should become brittle at an extension factor of
about 4. Crustal embrittlement may lead to mantle
serpentinization, allowing faults such as H and F to
remain active at low angles. Continued movement
along these resulted in the dismemberment of the
crust, final crustal separation and the exposure of
the mantle forming the footwall to these faults as
top basement. The restored section of LGI2 thus
requires some mechanism to have prethinned the
crust, and provides evidence that this may have
involved movement along an earlier phase of faults.

There is independent evidence for at least two
phases of faulting here. Formation microscanner
data (Whitmarsh & Wallace 2001) show that the
sediments drilled at Site 1065 were first tilted 15°
to the SE during early rifting and then, after a
pause of several million years, tilted to the east,
consistent with movement along the latest west-
dipping faults. It is thus not surprising that a 2D
restoration along the west-dipping faults does not
explain all the observed thinning as these only con-
trolled the latest phase of polyphase 3D extension.

The West Galicia margin

Evidence for polyphase faulting is clearer at the
West Galicia margin, where it is constrained by
stratigraphic control, by the velocity structure and
by the seismic image. This segment comprises the
Galicia Interior Basin in the east, the Galicia Bank
and to the west the Deep Galicia Margin (DGM).

The structure of the GIB is constrained by a
coincident reflection and wide-angle profile ISE17
(Pérez-Gussinyé et al. 2003; Reston 2005)
(Fig. 19). The wide-angle model shows a pro-
nounced velocity layering beneath the Galicia
Bank to the west; these layers can be traced to the
east beneath the GIB, but appear to show that the
locus of upper crustal and lower crustal extension
are laterally offset, with lower crustal velocities at
shallow depths (upper crust largely absent) at the
west flank of the basin, and in contrast an absence
of lower crustal material beneath the middle and
west flank of the basement.

The latest phase of faults defines the current
fault blocks. However, although these faults dip to
the east, top basement (marked by velocities well
above 5km s~ ') does not show consistent dips: in
places it dips steeply to the west (intersecting the
faults at c¢. 90°), elsewhere it dips to the east. Both
can be explained if the latest faults cut across an
earlier set of east-dipping faults — where top base-
ment dips to the east, it is the trace of an earlier

fault; where it dips steeply to the west, it is prerift
top-basement that has been rotated to the west by
two phases of east-dipping faults.

This interpretation is illustrated by the restor-
ation (Fig. 20), which clearly shows that two
phases of faulting restores the crust that has acted
in a brittle manner to approximately 24 km thick-
ness and the entire crust to approximately 30 km.
The restoration also illustrates how two-phases of
faulting can explain the presence of high-velocity
lower crust at top basement — this occurs where
top basement is east-dipping and corresponds to
the footwall of a major east-dipping normal fault.
In this case, large east-dipping faults have lead to
a lateral offset of the locus of upper crustal and
lower crustal extension in a localized and specific
form of depth-dependent stretching, which is only
revealed by the presence of coincident reflection
profiles and wide-angle data.

To the west of the Galicia Bank is the DGM
where Davis & Kusznir (2004) ruled out significant
extension along unrecognized faults developed
after the formation of the fault blocks imaged.
However, they did not consider the possibility of
earlier unrecognized faulting, for which available
data provide ample evidence.

The DGM has been the subject of one ODP leg,
two submersible sampling campaigns and several
high-quality seismic datasets. From these, a
general stratigraphic framework has been con-
structed (Fig. 21) (Reston 2005). The salient
points are that the seismostratigraphic unit 5a
(terminology of Mauffret & Montadert 1988)
tilted within fault blocks consists of deep-water
deposits, and represents sediment deposited after
the onset of rifting (as deep water) but before the
latest phase of faulting (as tilted within the fault
blocks). The synrift nature of S5a is supported by
variations in its thickness. First, along an individual
profile it appears to thicken across successive fault
blocks to a maximum before being thinner in the
next block. Second, its thickness also varies con-
siderably between profiles. These characteristics
imply that it was deposited in basins controlled by
faults and that these basins did not simply run
north—south in response to east—west extension
but had components of extension oblique to the
east—west profiles.

The synrift nature of unit 5a implies that at least
two phases of faulting occurred at this margin, one
before or during deposition of unit 5a and one after.
Furthermore, seismic unit 5a is diachronous, young-
ing to the west across the drilling transect: sediment
tilted within the blocks at site 640 are the same age
as seismic unit 4a (post-faulting) further east at site
641 (Reston 2005). This diachroneity might be
explained by an oceanward migration of extension
during the second phase of faulting, or by an
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A: Present-day: simplified seismic interpretation (below postrift section) "crestal collapse” graben
accommodating flexure

of the rollover margi

early synrift

rework&

plastic deformation

vertical grey bars - velocity boundary between upper and mid-crust from wide-angle data

Moho black-white dashed line - predicted boundary between upper and mid-crust from crustal restoration.

B: latest phase of faulting restored: end Valanginian ?

_/iwas“ng

“core complex".
Mid-crustal rocks exhumed

“crestal collapse" graben
accommodating flexure
of the rollover margin
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~

10 km

D: early faulting restored:
pre-rift configuration (Tithonian) E: pre-rift restoration, including

removal of 20% bulk stretching
faults steeper

away from suture

initial low-angle due to reactivation
of Variscan suture?

0

upper crust

mid crust

Crustal blocks at depth shown
rigid but probably deformed
plastically during early phases of
extension. Note however depth
from which blocks ere exhumed.

Including a component of
internal block stretching
steepens initial faults
considerably and increases

depth of exhumation L.
original Moho ?

Fig. 20. Two-stage restoration of the section shown in Figure 19. Top: present situation. The bars show the location of
the velocity boundary between the upper and lower crust, the through-going dashed line is an initially horizontal
marker (see bottom). Note the close match between the two, illustrating that the restoration can explain the presence of
high-velocity rocks near the top basement in the centre of the section (Fig. 6) by the exhumation of deep crustal
rocks. Middle: restoring the first phase of extension brings gently east-dipping structures into alignment.

Bottom; further restoration along these yields a tight reconstruction. Note only the portions of the crust that deformed
by brittle faulting are shown; deeper levels deformed by plastic—ductile creep throughout evolution.

additional phase of faulting to the west of the 639—
641 high. If the former were the case, it should be
possible to partially restore the section as one
phase of migrating faulting (Fig. 22). Restoring
the latest phase of movement along the blocks to
the west of Site 639 produces a close fitting
section less than 5 km thick: the quality of the fit
suggests that faulting may have migrated oceanards
for these faults, although it may equally well have
occurred simultaneously (jump from Fig. 22a to
22d). However, the less than 5 km-thick section is
considerably thinner than the Site 639 fault block
— attempting to restore the section further by
sliding the section west of 639 level with the top
of block 639 produces a large misfit at the base of
the blocks (Fig. 22e). Either the CMB is offset in
a way suggesting that the restoration has gone too
far, or the blocks must be very strongly distorted.

Removing further subseismic extension associated
with the latest faults (Marrett & Allmendinger
1991) does not help unless it is both extreme and
restricted to the small blocks west of Site 639.

A solution to this misfit is to thicken the section
west of 639 further along a set of intermediate age
faults before attempting to restore movement along
the older fault I at the west flank of the 639 block
(Fig. 22f) (Reston 2005). Reston (2005) pointed out
that this further restoration is only illustrative as the
3D geometry and sense of movement along the
earlier faults is poorly constrained, but Figure 22
shows that it is feasible and apparently necessary.
This interpretation is completely consistent with the
diachroneity of seismostratigraphic unit 5a; west of
639 the latest block-bounding faults represent a
later phase of faulting than that forming the west
flank of the 639 block itself. Invoking an additional
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Fig. 21. Summary of drilling (ODP Leg 103) and diving results across the Deep Galicia margin (DGM). Bottom: basic
structure of the margin (in depth, modified after Reston et al. 1996) where the sampling took place. Note the
division of the margin into seismostratigraphic units based on relationship to local faulting. Unit 5a: deep-water
sediments rotated within the fault blocks and hence interpreted as early synrift — note that this sequence is not

constant thickness, and thus not prerift; 4b: syntectonic w

edges (nowhere sampled), deposited during motion on the

adjacent fault; 4a: infill of half-graben topography after movement on a local fault but probably before breakup.

Top: sampling results, defined in terms of the seismo-strat

igraphic units: note how unit 5a is clearly diachronous — at

Site 640 it is of the same age as the overlying unit 4a further east (Site 641). From this we can deduce at least
three phases of faulting: one predating unit 5a across the entire section; one post-dating unit 5a in the east but
predating it in the west; and one post-dating unit 5a in the west. Timescale (Gradstein et al. 1994; Pérez-Gussiny€ et al.

2003) shows duration of faulting in the Galicia Interior B

phase of faulting west of 639 also explains the dra-
matic drop in the size of the fault blocks west of
639. Finally, the latest fault blocks cut down to one
of the earlier array of faults that formed a tectonic
CMB and thus became a weak serpentine detachment
(S): the last two phases of faulting at the DGM
accompanied the serpentinization of the uppermost
mantle (crust entirely brittle once thinned to
<7 km) and the development of the S detachment.

asin (GIB), and the east and west DGM.

The restoration with two phases of faulting is,
however, still only a partial restoration. Movement
occured along the faults that controlled the depo-
sition of the deep-water units drilled at Site 639,
and 639 has still yet to be restored; as noted
above the geometry of these faults is not known
and they may run oblique to the margin and the
profiles. It is worth noting that the restored section
has a similar thickness to the thinnest crust under
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(a)

base of postrift section

base of late synrift
(Aptian ?)

base of early synrift
- Valanginian - Barremian ?

latest faults _—" §

earlier faults - Hauterivian?

I-IV timing of deposition of
latest synrift wedges

how much earliest synrift ?

(e)

space problem - light grey
blocks need to be restored
further before pushing back

serpentinizing mantle 130 % extension removed

Fig. 22. Partial restoration (modified from that of Reston 2005) of GP101 (Fig. 3), carried out sequentially (youngest
faults to the west) Even restoring this section assuming an oceanward progression of faulting in a rolling hinge
model it is clear that S was active at low angle. Misfit in E means that the section west of 639 needs to be

further thickened before restoring movement along fault I. Reston (2005) suggested that movement along the
interpreted earlier faults (black dashed) could solve this problem (F).

the GIB, where both the structural geometry and
velocity structure require two phases of faulting.
Thus, at the DGM, the stratigraphic and struc-
tural evidence indicates two phases of faulting
(one for the entire DGM section, one just west of
the 639 block) since the deposition of the early
synrift section. The double restoration gives a
crustal thickness of approximately 7 km, implying
that all the faulting occurred after the onset of
mantle serpentinization and was associated with

the development of the S reflector. Further landward
(e.g. below the 639 high), the S reflector is not
present. Within the GIB, the velocity structure and
seismic image are consistent with two, but not
with one, phase of faulting; the double restoration
increases the thickness from about 8 to about 30 km.

The rift history of the Galicia margin can be
summarized. Rifting started in the Tithonian —
Berriasian and two phases of faulting led to the for-
mation of the Galicia Interior Basin and a similar

Fig. 23. Simplified 2D cartoon illustrating the key steps in the progressive extension of the lithosphere leading to
continental break-up. (a) Early rift conditions up to the initiation of a second generation of faults (dashed). Initial
decoupling zones at the base of the upper and midcrust (grey) thin, and the upper crust becomes increasingly coupled to
the lower crust in the centre of the rift. Extension of the strong core of the lower crust and of the strong mantle lid
(cross-hatching) is by necking/boudinage, the latter controlled by outward dipping shear zones that displace deep
mantle rocks towards the rift axis. (b) An extension factor of 4 in the rift axis. The entire crust has now become brittle,
mantle serpentinization (dark grey) has started and a weak detachment develops at the base of the crust. A third
generation of faults cut down to this detachment (bold). (¢) Crustal separation is imminent and will expose the
underlying mainly deep lithospheric mantle. (d) After crustal separation, continued unroofing of the lithospheric mantle
may require displacement along landward-dipping shear zones of such mantle from beneath the edges of the rift
towards the COT. Complications owing to late igneous activity, 3D nature of extension and order of movement along
faults (e.g. rolling hinge) are not shown for reasons of clarity.
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deep basin at the future DGM by the Hauterivian.
Rifting now stopped within the GIB and on the
west flank of the Galicia Bank, and focused
instead within the deep basin to the west. Two
more phases of faulting accompanied by the serpen-
tinization of the uppermost mantle and the develop-
ment of the S detachment here led to final crustal
separation and the unroofing of mantle peridotites
within the COT. Sea-floor spreading probably
started in the Aptian.

Closing remarks

As the preceding discussions have shown, I suggest
that during progressive extension leading to conti-
nental breakup at a cool non-volcanic margin,
such as west Iberia, lithospheric extension evolves
through a number of main steps (Fig. 23). It is
this evolution that distinguishes continental
margins from continental rifts, which are subject
to far smaller degrees of extension. Particularly
important are polyphase faulting and the rheologi-
cal evolution of the lithosphere (with implications
for DDS, for crustal embrittlement, for mantle ser-
pentinization and for final crustal separation along
detachment faults rooting in serpentinized mantle).

e Extension of rheologically layered lithosphere:
faulting in the upper crust, and boudinage of
both the lower crust (some component of
crustal DDS) and of the uppermost mantle.
Extension may focus where lower crustal and
mantle boudinage are in phase. During this
phase, DDS of the whole lithosphere may start
through the displacement of the deepest litho-
spheric mantle towards the basin antiroot along
outward-dipping shear zones. Symmetry at this
stage is likely to be controlled by strain rate,
and by heterogeneities in initial structure.

e At an extension factor of 2, the original normal
faults should lock-up and new faults develop
(Fig. 23a). A failure to recognize such polyphase
faulting may explain the extension discrepancy.
At about the same time, or shortly after, the lower
crust becomes increasingly coupled to the upper
crust. When this coupling is complete, lower
crustal boudinage is replaced by faulting, and
DDS within the crust will be limited to local
asymmetries associated with the largest offset
faults. Coupling between the crust and mantle
should increase, and displacement of lowermost
lithosphere continues towards axis of rift.

e Extension focuses strongly towards the site of
eventual breakup as the crust thins to about
one-quarter of its original thickness (Fig. 23b).
At this stage, the second generation of faults
lock-up and a third phase of faulting starts.
This is accompanied by whole crustal

embrittlement and complete coupling of the crust
to the mantle. The new faults may thus cut
through entire crust into the mantle leading to ser-
pentinization and the development of (asym-
metric?) serpentine detachments (Fig. 23c). The
serpentinization is effective in weakening the
strong mantle lid.

e Crustal separation and unroofing of deep sub-
continental mantle oceanward of the last
crustal blocks. Although melt generation might
be expected during this stage, it is partially sup-
pressed by a combination of mantle DDS and
cool subcontinental mantle; continued unroofing
of mantle may be controlled by successive
landward-dipping shear zones (Boillot &
Froitzheim 2001), which provide a mechanism
for the displacement of deep sublithospheric
mantel into the widening COT.

e The onset of sea-floor spreading is probably con-
trolled by either the final necking of the deep
lithospheric mantle within the COT or by the
influx of warm asthenosphere. In both cases
sea-floor spreading is likely to substantially
post-date crustal separation, as indicated by the
presence of a broad zone of unroofed mantle
within the continent—ocean transition (COT) at
several margins (Fig. 1).

At the West Iberia margin and at the preserved
Alpine margins, we see evidence for all of the
above processes. The apparent discrepancy
between extension determined from crustal thinning
or subsidence and that measurable from faults
may be explained if extension is accommodated
along multiple generations of faults that are incom-
pletely resolved and which probably accommodated
variable extension directions. As the amount and
duration of extension increases towards the COT,
so does the number of fault generations required:
as not all of these can be fully imaged, let alone
interpreted, an apparent extension discrepancy
results. At the West Galicia margin, multiple
phases of faulting are evidenced by the presence
of deep-water sediments tilted within the fault
blocks (and hence predating the faults that bound
those blocks) and supported by structural recon-
structions. At the IAP margin to the south,
structural reconstructions and the tilting history of
fault blocks also document the importance of
polyphase faulting.

This does not mean that at the West Iberian
margin no crustal DDS occurred (e.g. through
lower crustal necking and boudinage), just that it
is not required to explain the extension discrepancy.
Indeed, by analogy with the Alps and the basins off-
shore the UK, lower crustal boudinage probably did
occur during the early evolution of the Iberian
margin (Manatschal ef al. 2001). Nor does it mean
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that at other margins crustal DDS (including
large-scale lower crustal flow) may not be required,
but does suggest that polyphase faulting has to be
rigorously ruled out before invoking these.

At both the West Iberian and Alpine margins, the
distribution and thickness of serpentinized mantle
beneath the feather edge of the continental crust
matches well the predictions of a simple numerical
model for the embrittlement of the crust. The thick-
ness of the partially serpentinized zone also matches
the predictions of the model, particularly if a tran-
sition from pure shear to simple shear occurs when
serpentinization starts (Pérez-Gussinyé & Reston
2001). Detachment faults that appear to have been
active at low angles, and which indicate a change
from crustal-scale pure shear to crustal-scale
simple shear, are observed and appear to follow
the upper portion of the serpentinized mantle over
much of their length. The presence of subcontinental
lithospheric mantle unroofed within the COT
implies heterogeneous stretching (DDS), which
may be controlled by landward-dipping mantle
shear zones similar to those imaged offshore the
UK and beneath the West Iberian margin. Such
DDS may have contributed to the reduction in
melting at depth: again by analogy with the extended
basins of NW Europe, this heterogeneous mantle
extension probably started early during the rift
history, and continued until final lithospheric separ-
ation and the onset of sea-floor spreading. Finally,
the lack of significant igneous activity within the
COT may be related to the presence of cool sublitho-
spheric mantle in this region prior to the onset of sea-
floor spreading.

Although there is undoubtedly both an apparent
extension discrepancy and lithospheric-scale DDS
at many margins, it remains difficult to explain
such a discrepancy by DDS alone. At the West
Iberian margin, polyphase faulting did occur and
may suffice to explain the observed margin struc-
ture. However, other margins such as the
Exmouth Plateau margin (Driscoll & Karner
1998) remain problematic. Here, the upper crust
appears little extended, yet the margin has subsided
several kilometres. Some other, as yet unknown,
process may be important.

This work has been supported by DFG grants Re 873-1,
873-3, 873-6, 873-7 and 8738, for which I am very grate-
ful. Contributions by J. Hoffman, D. Klaeschen, C.
Ranero, C. Krawczyk, J. Phipps Morgan and, in particular,
M. Pérez-Gussinyé made the work possible, although not
all of these may agree with every conclusion reached.
I would like to thank the organizers of the IMEDL
workshop for organizing a superb meeting and especially
G. Manatschal and O. Miintener for wonderful field
excursions. Reviews by D. Sawyer, T. Minshull and
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