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Abstract Numerical experiments reproduce the funda-
mental architecture of magma-poor rifted margins such as
the Iberian or Alpine margins if the lithosphere has a weak
mid-crustal channel on top of strong lower crust and a
horizontal thermal weakness in the rift center. During
model extension, the upper crust undergoes distributed
collapse into the rift center where the thermally weakened
portion of the model tears. Among the features reproduced
by the modeling, we observe: (1) an array of tilted upper-
crustal blocks resting directly on exhumed mantle at the
distal margin, (2) consistently oceanward-dipping normal
faults, (3) a mid-crustal high strain zone at the base of the
crustal blocks (S-reflector), (4) new ocean floor up against
a low angle normal fault at the tip of the continent, (5)
shear zones consistent with continentward-dipping reflec-
tors in the mantle lithosphere, (6) the mismatch frequently
observed between stretching values inferred from surface
extension and bulk crustal thinning at distal margins (upper
plate paradox). Rifting in the experiment is symmetric at a
lithospheric scale and the above features develop on both
sides of the rift center. We discuss three controversial
points in more detail: (1) weak versus strong lower crust,
(2) the deformation pattern in the mantle, and (3) the sig-
nificance of detachment faults during continental breakup.
We argue that the transition from wide rifting towards
narrow rifting with a pronounced polarity towards the rift
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center is associated with the advective growth of a thermal
perturbation in the mantle lithosphere.
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Introduction

Over the past decades, deep sea drilling, seismic cam-
paigns, diving cruises, and the investigation of Jurassic and
Cretaceous margins in the Alps have greatly increased our
knowledge about the architecture and subsidence history of
passive continental margins. It has become clear that sev-
eral large-scale observations cannot be explained satisfac-
torily by the classic symmetric rifting model of McKenzie
(1978). A discussion has emerged on whether McKenzie’s
model needs to be refined or whether rifting geometry can
be fundamentally different. Many studies have explained
the geometry of continental margins through a rifting
process that is asymmetric at the lithosphere scale (e.g.
Boillot et al. 1988; Froitzheim and Manatschal 1996;
Reston et al. 1996; Driscoll and Karner 1998; Manatschal
and Bernoulli 1999; Whitmarsh et al. 2001). Asymmetric
models usually propose the existence of enormous solitary
normal faults, so-called detachments, cutting through the
entire lithosphere (Wernicke 1985). Such detachments
would accommodate tens of kilometers of extension.
Ongoing displacement along a detachment would eventu-
ally lead to the breakoff of the continental crust and the
exhumation of subcontinental mantle at the surface.
According to McKenzie’s model, two conjugate margins
should mirror each other at a large scale. Asymmetric rif-
ting models, on the other hand, predict fundamentally
different conjugate margins with one margin being the
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footwall and the other being the hanging wall of the
detachment, referred to as the lower- and upper-plate
margins, respectively.

Figure 1 shows a cross-section through one of the best
investigated margins, the Cretaceous Galicia Margin west
of Portugal. The Galicia Margin and the adjacent Iberian
Abyssal Plain Margin have been the subject of intense
research including all of the above mentioned techniques,
and often serve as reference margins in studies on magma-
poor rifting (ODP legs 103, 149, and 173, Boillot et al.
1980, 1987, 1988, 1995; Mauffret and Mondatert 1987,
Hoffmann and Reston 1992; Reston et al. 1996; Pickup
et al. 1996; Whitmarsh et al. 2000; Pérez-Gussinyé et al.
2006). Researchers working on ancient margins now pre-
served in the Alps often compare their results with findings
from the Galicia Margin (Manatschal and Bernoulli 1999;
Whitmarsh et al. 2001; Manatschal 2004). The Cretaceous
margin at the northern border of the Brianconnais domain,
exposed in the Tasna nappe in eastern Switzerland, is
currently interpreted by most authors as belonging to the
same margin as the Galicia Margin (Florineth and Froitz-
heim 1994). Several features displayed in Fig. 1 appear at
least to be typical of magma-poor margins including those
found in the Alps (e.g. Manatschal and Bernoulli 1999;
Whitmarsh et al. 2001):

1. At the distal margin, the crust tapers from approxi-
mately 25 km thick down to zero over a distance of
50-100 km. This taper consists of tilted blocks sepa-
rated by consistently oceanward-dipping normal faults.
On the continentward side of this crustal taper, there is
a wide area of moderate crustal extension without any
pronounced fault polarity towards the rift-center (e.g.
Boillot et al. 1988).

2. The tip of the continent is made up of rocks with
typical upper-crustal composition, often with pre-rift
sediments preserved on top of the fault-bounded
blocks. Lower crust is only scarcely preserved or
completely absent (Manatschal and Bernoulli 1999;
Whitmarsh et al. 2000). At magma-poor margins like
the Galicia margin, the upper crust rests directly on
exhumed subcontinental mantle. Among the most
generally observed features of rift systems is that the
entire distal margin is made up of rocks derived from
the uppermost crust, and this finding has also been

reported from several magmatic margins (Kusznir
et al. 2004, and references therein).

3. The base of the crust coincides with a bright seismic
reflector, the so-called S-reflector, which was first de-
scribed in the Bay of Biscay (De Charpal et al. 1978).
This reflector reaches the ocean floor at the tip of the
continent, where it has yielded samples of greenschist-
facies mylonites with a strong cataclastic overprint
(Beslier et al. 1990; Boillot et al. 1995). The S-
reflector is now viewed as a mid-crustal shear-zone
with a top-to-the-ocean sense of shear (Manatschal
et al. 2001). While a few of the oceanward-dipping
faults cut the S-reflector, most of them appear to be
rooted in this major shear-zone (Pickup et al. 1996;
Reston et al. 1996).

4. At the tip of the continent, the ocean floor corresponds
to the surface of a normal fault that is rotated into a
subhorizontal orientation (Boillot et al. 1995). Hence,
the distal continental margin represents the footwall of
a normal fault.

5. At the distal margin and the adjacent oceanic litho-
sphere, continentward-dipping reflectors are found
within the upper mantle. These reflectors are particu-
larly well sampled at the western margins off the
Iberian peninsula (Pickup et al 1996).

With the exception of the -continentward-dipping
reflectors, all of these observations have been used in the
past to infer asymmetric rifting at the Iberian and Alpine
margins, but not always with the same conclusion (Fig. 2).
The structural architecture (i.e. the tilted blocks, the S-
reflector, and the normal fault surface at the distal margin)
lead several authors to assume that these margins were
actually lower plate margins (e.g. Froitzheim and Man-
atschal 1996; Reston et al. 1996; Manatschal and Bernoulli
1999). The S-reflector was interpreted as the detachment
and the parallel-dipping fault array as subsidiary faults in
its hanging wall of it (Reston et al. 1996; Manatschal and
Bernoulli 1999). On the other hand, the absence of lower
crust at the distal margin was interpreted as resulting from
a continentward-dipping detachment (Boillot et al. 1988).
The enigmatic lack of deeper crust has far reaching
implications for the syn-rift subsidence of the margin, and
this subject has interested the hydrocarbon industry for
decades. This absence of deep crust is in agreement with

Fig. 1 Schematic cross-section _\M

through the Cretaceous Galicia
Margin west of Portugal
(Boillot et al. 1995).
Abbreviations: UC upper crust;
LC lower crust; M mantle;

S S-reflector
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Fig. 2 Conceptual interpretations of the typical margin architecture
shown in Fig. 1. a Based on the tilted block array, the oceanward-
dipping faults, and the top-to-the-ocean-directed high-strain zone,
Froitzheim and Manatschal (1996) inferred asymmetric rifting along
an oceanward-dipping detachment at the Adriatic Margin in the Alps.
For the same reasons, the Galicia Margin was also interpreted as a
lower plate margin (e.g. Manatschal and Bernoulli 1999). b Based on
the lack of lower crust at the distal margin, Boillot et al. (1988)
proposed asymmetric rifting along a continentward-dipping detach-
ment at the Iberian margins. ¢ Brun and Beslier (1996) explained the
observations in terms of an overall symmetric rifting model with
weak lower crust acting as a ductile shear zone with a top—to-the-
ocean sense of shear

the mismatch between bulk crustal thinning and stretching
factors derived from normal faulting observed at the sur-
face. At the distal margin, crustal thinning and associated
subsidence is often greater than would be predicted from
the extension accommodated by the observed normal
faults. This feature is so common that some authors have
proposed a general depth dependency of stretching during
rifting, with stretching factors increasing with depth in the
crust (Davis and Kusznir 2004; Kusznir et al. 2004). Au-
thors studying crustal thinning and subsidence history
usually identify upper plate margins when attempting to
explain their data in terms of asymmetric rifting (Driscoll
and Karner 1998). This apparent contradiction has become
known as the upper plate paradox (Driscoll and Karner
1998). It seems that studies focusing on the structural re-
cord commonly identify lower plate margins, whereas
studies on subsidence and bulk architecture lead to inter-
pretations in terms of an upper plate margin. Unfortunately,
even though the Newfoundland margin is conjugate to the
Iberian margins, it is less well known and observations
from this margin are inconclusive with respect to the
problem of asymmetric rifting. In the Alps, continental

margins are well preserved only in the hanging walls of
later subduction zones. All conjugate margins in this area
have been subducted, and are either completely lost or
strongly deformed and/or metamorphosed. It appears that
the well-studied Mesozoic margins west of Iberia and in
the Alps show the structural arrangement expected of lower
plate margins. However, these same margins have been
interpreted as upper plate margins based on the distribution
of crustal thinning and associated subsidence.

In a recent short paper (Nagel and Buck 2004), we
proposed that the above described architecture of rifted
margins could be explained by an overall symmetric
model in which the lithosphere has a particular vertical
and horizontal stratification. Here, we summarize this
model and then present a series of numerical modeling
experiments with varying lower-crustal strengths. Our aim
is to discuss some controversial aspects of continental
rifting and breakup that have previously received little or
no attention. We cover the following points: (1) the
strength of the lower crust, (2) the deformation pattern in
the mantle, including the significance of the continent-
ward-dipping reflectors, and (3) the role of detachment
faults in the rifting process.

A symmetric model

With a weak layer in the mid crust and a pronounced
horizontal weakness at the rift center, numerical models
reproduce the above mentioned key elements of rifted
continental margins on both sides of the rift center (Nagel
and Buck 2004). Figure 3 shows the setup of such an
experiment. The continental crust consists of three layers:
(1) a brittle upper crust, (2) a weak linear-viscous middle
crust and (3) a relatively strong lower crust with the
brittle and ductile properties of diabase (Ranalli 1995).
The mantle follows a flow law for dry olivine (Ranalli
1995) and is therefore also strong. The horizontal weak-
ness is imposed through the addition of a pronounced
thermal perturbation in the rift center (Fig. 3). Virtually
all the strength beneath the brittle crust is taken away in
the center of the thermal swell. On the rift flanks, the
strong lower crust is firmly coupled to the upper mantle
(Fig. 3).

During extension, mantle and lower crust show localized
necking at the site of the thermal perturbation (Fig. 4).
Extension in the brittle upper crust is accommodated
through a series of dominantly inward-dipping faults on
both sides of the rift center (Fig. 4a). Within the weak mid-
crustal layer, the distributed deformation in the upper crust
is transferred into the necking site of the deeper litho-
sphere. In other words, a shear zone connects the brittle
faults with the center of the rift. Hence, the upper crust
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Fig. 3 Setup for the numerical experiment shown in Fig. 4. The
model is 200 km wide, 100 km deep and has four layers. UC upper
crust (16 km, elasto-plastic); MC middle crust (4 km, visco-elastic);
LC lower crust (10 km, visco-elasto-plastic); M mantle (70 km, visco-
elasto-plastic). The boundary at 65 km is added only to visualize
deformation in the mantle, and corresponds approximately to the
transition from spinel peridotite to garnet peridotite. The layers UC,
LC and M follow a Mohr-Coulomb yield criterion. Brittle strain
localization is achieved through a cohesion and friction loss with
brittle strain. Between 0.5 and 50 % brittle strain, the cohesion and the
friction angle are reduced from 10 to 5 MPa and from 30° to 28°,
respectively. The middle crust has a linear viscous behavior with a
viscosity of 10%° Ps. Lower crust and mantle follow temperature-
dependent and non-linear flow laws for diabase and olivine,
respectively (Ranalli 1995). Viscosities are cut off at 10%° Ps, i.e.
no viscosities lower than 10%° Ps are allowed. The background

Fig. 4 Numerical model using
the setup shown in Fig. 3, after
about 10 (a), 45 (b), 75 (¢), and
100 (d) km of extension. Left
column total strain

(brittle + viscous); middle
column distribution of upper
crust, middle crust, lower crust
and mantle. Color code is the
same as in Fig. 3. Black lines
indicate shear zones, small
arrows shear senses (black
brittle; gray viscous). Thick
black arrows indicate the
general motion of lithospheric
blocks; right column snapshots
of total strain rate (brittle and
viscous) at the corresponding
stage of deformation

collapses into the opening rift center on top of a weak mid-
crustal high-strain zone, which exhibits a top-to-the-rift
center sense of motion. The lower crust tears after about
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thermal gradient is 15°C/km, and the thermal gradient in the center of
the perturbation is 30°C/km. The left and right sides move laterally
with a velocity of 2.5 x 107" m/s (1.58 cm/a). The lower boundary is
floating and deformable (Winkler foundation). Mantle material
is added to replace material that is pulled upward. The upper surface
is unconstrained. The grid is made up of 100 X 200 elements. Two
strength profiles illustrate the effect of a thermal perturbation for a
lithosphere with strong (left) and weak (right) lower crust (using
diabase and wet granite, respectively, from Ranalli 1995). Each
section shows a profile for the center of the thermal swell (30°/
km—thin black line) and a section for the thermal background
gradient (15°/km—thick gray line). Viscous strength is calculated for
a strain rate of 5 x 107'*s7!. An explicit time-marching, Lagrangian
finite difference technique (FLAC) is used for calculation (Cundall
and Board 1988; Cundall 1989; Poliakov et al. 1994). It is well
described in the cited references
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25 km of extension and is further passively moved to the
side. After about 35 km of extension, the fault array in the
upper crust is largely abandoned and faulting localizes in



Int J Earth Sci (Geol Rundsch) (2007) 96:1047-1057

1051

the rift center (Fig. 4b). The upper crust breaks up after
about 60 km of extension as subcontinental mantle is ex-
posed at the surface (Fig. 4c). Further deformation is
localized in the newly formed oceanic lithosphere. The
resulting margins show striking similarities to the cross-
section in Fig. 1 (Fig. 4d): the margins consist of arrays of
tilted blocks with normal faults dipping towards the rift
center. At the tip of the continent, upper crust rests on
subcontinental mantle and the base of the tilted blocks
corresponds to a mid-crustal high-strain zone with top-to-
the-ocean sense of shear. This shear zone reaches the ocean
floor at the tip of the continent. Finally, the newly formed
surface-area at the distal margin is represented by a rotated
normal fault.

The numerical modeling also predicts the apparently
stronger thinning of the deeper parts of the crust at both
distal margins, and thus provides a solution for the upper
plate paradox. Thinning does not occur due to more in-
tense stretching in the lower crust, but rather because
stretching is more localized than in the upper crust, i.e.
the lower crust is necked away from the site of future
breakup, whereas the upper crust collapses into the rift
center on top of the un-thinned lower crust on the rift
flanks. Integrating the amount of stretching over the entire
rift system gives the same result for all levels of the
lithosphere. This might provide a way to test our model
against models of true depth-dependent stretching.
According to the presented scenario, strongly thinned
crust not balanced by normal faulting at the surface
should be restricted to the distal margin, whereas, at more
proximal positions, upper-crustal extension should be
stronger than the bulk crustal thinning.

Our model is mechanically very similar to previous at-
tempts to explain the architecture of magma-poor conti-
nental margins through an overall symmetric rifting model
(Brun and Beslier 1996; Boillot and Coulon 1998). These
authors already proposed a top-to-the-ocean-directed duc-
tile shear zone in the lower crust on both sides of the rift,
with very similar deformation patterns in the mantle lith-
osphere (see section on mantle deformation below). There
are two main differences between our model and existing
models. First, we assume that the lower crust needs to be
strong and coupled to the upper mantle in order to explain
the architecture of rifted margins. Second, we emphasize
that the weak layer beneath the brittle upper crust has to be
thin to ensure distributed deformation and the formation of
parallel dipping faults (Nagel and Buck 2004; Nagel and
Buck 2006). In the following sections, we discuss three
controversial aspects of rifting in more detail: (1) the
problem of weak versus strong lower crust, (2) the geom-
etry of deformation in the mantle lithosphere, and (3) the
significance of detachment faults during continental
breakup.

Three controversial subjects
Weak versus strong lower crust

In recent years, there has been a discussion about the
rheological properties of the lower crust particularly during
rifting. Some studies have inferred weak lower crust during
rifting (Brun and Beslier 1996; Whitmarsh et al. 2000). We
consider that the observed rift geometry can only be ex-
plained by a relatively strong lower crust that undergoes
boudinage at the lithospheric scale (Nagel and Buck 2004;
Lavier and Manatschal 2006). A number of authors have
proposed a lower crust considerably stronger than the
middle crust, based on experimental work (e.g. Ord and
Hobbs 1989) as well as regional studies of extensional
(Handy and Zingg 1991; Miintener et al. 2000) and colli-
sional (Schmid et al. 1996) tectonics. The petrological
argument is that lower crust would be compositionally
different from upper crust and/or might be water depleted.
The lower crust of the Adriatic plate exposed in the Eastern
and Central Alps is indeed rich in mafics and granulites
(Miintener et al. 2000). Petrological studies have shown
that this lower crust was not particularly hot at the onset of
rifting and was therefore probably strong (Miintener et al.
2000). For the calculation presented in our Fig. 4, we use a
strong flow law for a mafic composition, i.e. diabase
(Ranalli 1995).

Figure 5 shows a numerical experiment calculated with
exactly the same setup as Fig. 4, the only difference being
that a wet granite flow law (Ranalli 1995) is used to define
the properties of the lower crust. Under lower-crustal
conditions, the viscosity of deforming granite is as low as
the weak mid-crustal layer even on the rift flanks. Thus, the
entire upper crust now rests on top of a 14-km-thick weak
channel. The resulting deformation pattern in the crust is
very different from the one calculated for a mafic lower
crust (Fig. 4). The resistance of a weak viscous channel to
localized faulting in the overlying brittle layer depends on
the viscosity (Huismans et al. 2005), and particularly on the
thickness of the channel. A thicker channel promotes
localization of the faulting (Nagel and Buck 2006). Fig-
ure 5 shows deformation in the upper crust becoming
rapidly concentrated at a single fault (a crustal detach-
ment). This is due to the thick channel, which allows the
weak lower crust to flow easily into the developing
depression. This flow is illustrated by high-strain zones
with opposite sense of shear developing at the upper and
lower surfaces of the weak channel, especially in the
footwall block of the detachment (Fig. 5b—d). As a result,
highly deformed lower crust accumulates beneath the
crustal detachment and is subsequently exhumed. The
efficient spreading of lower crust also implies a larger
amount of extension until crustal breakup (breakup is not
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Fig. 5 Same model as in Fig. 4,
except that a wet granite flow
law (Ranalli and Murphy 1987)
is assumed for the lower crust

even completed after 100 km of extension, as shown in
Fig. 5d). The resulting margins are asymmetric at a crustal
scale. The footwall of the crustal detachment shows highly
deformed lower-crustal rocks across more than 50 km at
the distal margin, whereas the upper plate is made up of
undeformed upper-crustal rocks. On the side of the devel-
oping upper plate margin, crustal thickness increases more
rapidly than on the side of the lower plate margin.

Figure 6 gives a more complete picture of the effects of
lower-crustal rheology on the fault pattern in the upper
crust. It shows five experiments with successively
decreasing lower-crustal strength after 75 km of extension
(a: dry diabase, Mackwell et al. 1998; b: diabase, Ranalli
1995; c: diorite, Ranalli and Murphy 1987; d: dry granite,
Ranalli 1995; e: wet granite, Ranalli 1995). Figure 6b
corresponds to Fig. 4c, and Fig. 6e corresponds to Fig. Sc.
There is an evident increase in the amount of strain
localization from stronger to weaker flow laws. Only
experiments 6a and 6b reproduce the passive margin
architecture shown in Fig. 1. In experiments 6¢ and 6d, the
central block does not fail and two more or less well
developed core complexes are located on both sides of the
rift. As seen before, there is only a single core complex
developing in Fig. 6e. In Fig. 6d and e, considerable
amounts of lower crust are accumulated in the footwall of
the detachments.

The crustal detachment in Fig. 5 does not form exactly
above the thermal perturbation. Instead, it is offset from the
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necking site in the upper mantle lithosphere where
asthenospheric mantle is being pulled up. As a result, the
two margins show the topographic evolution proposed for
asymmetric rifting (Fig. 7, Wernicke 1985), although
extension in the upper mantle lithosphere is not accom-
modated along a solitary detachment. The upper plate
margin with almost completely preserved crust, which is
located above the thermal swell in the asthenosphere, is
topographically higher than the lower plate margin with
thinned crust and colder mantle lithosphere. Hence, the
experiment shows similarities with rifting models assuming
lithospheric detachments because failure in the crust and
mantle are decoupled by a thick weak zone. Such a result
was also obtained in physical experiments presented by
Michon and Merle (2003). However, this contrasts strongly
with the numerical modeling of Huismans and Beaumont
(2002, 2003), who predicted that asymmetric rifting only
occurs if the entire lithosphere is completely coupled and
brittle. In summary, while numerical experiments simu-
lating rifted margins with a thick weak lower crust are
relevant for general discussion about symmetric and
asymmetric rifting, the situation appears completely dif-
ferent from the Iberian and Alpine margins. The lower
plate margin of the crustal detachment should show tens of
kilometer of exposed lower crust at the distal margin. With
a weak lower crust, the extension of the upper crust is more
localized than for the lower crust. This is contrary to the
observations. Moreover, the upper plate margin of Fig. 5



Int J Earth Sci (Geol Rundsch) (2007) 96:1047-1057

Fig. 6 Numerical models using
the setup shown in Fig. 3 for
five different lower-crustal
rheologies (a dry diabase,
Mackwell et al. 1998; b diabase,
Ranalli 1995; c¢: diorite, Ranalli
and Murphy 1987; d: dry
granite, Ranalli 1995; e: wet
granite, Ranalli 1995). Left
column total strain after about
75 km of extension; right
column distribution of upper
crust, middle crust, lower crust,
and mantle. Same key as middle
column in Figs. 4 and 5

Fig. 7 Rift topography of the
two experiments shown in

Figs. 4 (black) and 5 (gray) 2000 m
after 45 km of extension. Arrow 1000 m
.1 Om
indicates emergence of the 1000 m
crustal detachment at the 2000 m
seafloor in Fig. 5 -3000 m

represents a poorer fit to the Iberian margin than the two
margins in Fig. 4. There is no formation of an array of
oceanward-dipping faults, and even the crustal structure at
a large scale is different since the crust thins over a much
shorter distance. This occurs because the crustal detach-
ment in the experiment has a steep dip, and thus only ro-
tates into a horizontal orientation along its exhumed
portion in the lower plate margin. We conclude that the
lower crust must have been strong during the formation of
the Iberian and Alpine margins.

Deformation and exhumation of subcontinental mantle

Symmetric rifting models should show very different
deformation fields in the mantle when compared to
asymmetric models involving a lithospheric detachment.
Accordingly, different structures and metamorphic histories
should be preserved in the exhumed mantle at the distal
continental margin. Continentward-dipping reflectors in the
upper mantle (Pickup et al. 1996) have been interpreted as a
succession of shear zones that become younger towards the
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rift center (Brun and Beslier 1996; Boillot and Coulon
1998). These shear zones would represent a system that is
conjugate to the oceanward-dipping faults in the upper crust,
and should be present on both sides of the rift. This corre-
sponds to the pattern observed in our models. Plots of finite
strain (Fig. 4, left column) show bell-shaped highly strained
domains with a general dip towards the continent in the
mantle beneath the evolving margins. Strain rate plots
(Fig. 4, right column) illustrate how these margins evolve.
Only the inner portion of the strained area is active as a shear
zone. The mantle beneath these zones is pulled upwards,
while the material above them moves sideways with the
entire lithosphere (Fig. 4, middle column). Hence, the active
shear zones have a normal sense of shear. Material flows
through the shear zones and is further transported passively
to the side. The portions of the bell-shaped domain on the
continentward side represent material that has been de-
formed in the same shear zone at an earlier stage of rifting.
Our model thus confirms existing ideas about the origin of
continentward-dipping reflectors in an overall symmetric
rift setting (Brun and Beslier 1996; Boillot and Coulon
1998). The ductile shear zones in the upper mantle and the
conjugate top-to-the-ocean-directed shear zones at the base
of the brittle upper crust (the S-reflector) merge at the tip of
the strong lithospheric wedge that is extracted to the side
(Fig. 4). As aresult, the two shear zones with opposite sense
of shear come into direct contact. Froitzheim et al. (2006)
have coined the term ‘‘extraction fault’’ for such a surface.
At the Galicia margin, Beslier et al. (1990) have reported
opposite-directed shear senses in peridotites at the tip of the
continent. Greenschist-facies to brittle structures show top-
to-the-ocean directed motion, whereas opposite-directed
shearing occurs at temperatures of 850—1,000°C.

In a scenario of lithospheric detachments, the mantle
material at the tip of the continent should be located
immediately beneath the crust at the onset of rifting. The
symmetric model in Fig. 4 predicts mantle material pulled
up from greater depth at this location. Although some
material from shallower depth is sheared towards the rift
center, most of the exhumed mantle is at depths greater
than 60 km at the start of rifting (stability field of garnet
peridotite; see color code in Fig. 4, middle column).
Studying the pressure—temperature—time evolution of
samples from continental margins might provide us with a
way of testing the rifting models. Foliated ultramafic rocks
from the Platta nappe in Eastern Switzerland equilibrated
in the stability field of spinel peridotite (Desmurs et al.
2001), therefore at depths shallower than 65 km (Bucher
and Frey 1994). In a symmetric rift setting, mantle rocks
not far from the tip of the continent should have been
exhumed from depths within the stability field of garnet
peridotite. However, it is very likely that garnet peridotites
would re-equilibrate to spinel peridotites during deforma-
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tion associated with exhumation. Away from the margin,
ultramafics in the Platta nappe are even present as feldspar
peridotites (Desmurs et al. 2001) and have evidently re-
equilibrated close to the surface. In the absence of time
constraints, the petrological record should be regarded as
inconclusive.

Detachment-faults during continental breakup

In the past few years, several authors have proposed that the
formation of detachment faults would be restricted to the
final stage of rifting, i.e. when the crust is already thinned
down to a thickness of 7-10 km (Whitmarsh et al. 2001;
Manatschal 2004; Lavier and Manatschal 2006). Recent
structural and petrological studies on the Tasna detachment
in the Alps have revealed that this fault at the continent—
ocean transition does not have a high-grade metamorphic
portion and was active only at relatively shallow levels
(Manatschal et al. 2006). A transition from symmetric
graben-type faulting to core-complex formation can be
triggered by thermal advection and associated thinning of
the strong upper portion of the lithosphere. Thinning of the
brittle layer promotes the formation of single faults with
large offsets, as the footwall of the normal fault can be
rotated without the occurrence of huge bending stresses
(Lavier et al. 2000). To a certain extent, the experiment
illustrated in Fig. 4 shows this type of behavior. The right-
dipping fault in the rift center is more active than the con-
jugate left-dipping fault during late rifting (Fig. 4b, c). The
gradual transition from a graben-like to a single-fault mode
starts when the crust is thinned to 10-12 km. The right-
dipping fault accumulates some twenty km of offset and
accounts for the ultimate breakup of the continental crust
(Fig. 4c). The ductile continuation of this fault in the mantle
shows a steeper dip than the fault plane itself. Hence, the
entire shear zone can be viewed as a downward steepening
detachment fault (Manatschal 2004; Lavier and Manatschal
2006). The strong activity of this fault during late rifting
causes a slight asymmetry of the two evolving margins.
Mantle exposed at the tip of the continent is derived from
shallower depths in the footwall of this fault than in the
hanging wall (see reference horizon in the mantle in
Fig. 4d). Hence, our model accords with the view that the
ultimate continental breakup can be associated with a
detachment fault (Manatschal 2004; Lavier and Manatschal
2006). However, this asymmetry is not expressed in the
fundamental characteristics of the two conjugate margins.

Discussion

The experiment shown in Fig. 4 reproduces all the major
characteristics of magma-poor margins in an overall
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symmetric rifting geometry. At a late stage of rifting, a
degree of transition takes place towards asymmetric rifting
along a single detachment fault in the crust. However, none
of the key observations that were viewed in the past as
supporting asymmetric rifting are related to this stage.
These features include the formation of the S-reflector, the
formation of the tilted block array, and the lack of deeper
crust at the distal margin, as well as the associated mis-
match of stretching factors. We propose that all these
features develop during symmetric rifting. Our model re-
quires a specific rheological stratification of the litho-
sphere, i.e. the presence of a thin weak layer in the mid
crust and a pronounced horizontal weakness in the rift
center. Both of these weaknesses are strong and predefined
in our experiments. A number of studies have inferred that
the viscous middle crust is weaker than the lower crust.
The choice of a linear viscous middle crust of 10°° Ps in
our experiments is clearly somewhat arbitrary. Evidently it
would be more satisfactory to use a model with three visco-
elasto-plastic layers bahaving like the experiment in Fig. 4.
However, using a granitic upper crust, and assuming a non-
linear visco-elasto-plastic flow law (with a thermally de-
fined brittle-ductile transition), we did not observe the
development of a mid-crustal high-strain zone and defor-
mation remained localized in the thermally weak rift cen-
ter. While we achieved some success using viscous strain
weakening in a non-linear granitic upper crust (see Lavier
and Manatschal 2006), the results obtained are not so clear
as with a linear viscous middle crust. Also, the predefined
thermal perturbation has an arbitrary magnitude—it acts
almost as a gap in the lithosphere (Fig. 3). In nature,
unweakened lithosphere is probably so strong that it cannot
be effectively rifted (Buck 2004). Numerical modeling
experiments with a constant extension velocity and without
any thermal anomaly lead to distributed faulting in the
upper crust and unrealistically high stresses (>500 MPa) in
the upper mantle. Deformation can be localized by a small
perturbation in the mantle lithosphere, which may be
caused, for example, by a magmatic event. If the thermal
advection at this site escapes thermal diffusion, the per-
turbation starts to grow and a runaway process is initiated.
We obtained similar results with a smaller thermal per-
turbation (e.g. 23°C/km instead of 30°C/km in the center of
the rift, 15°C/km on the rift flanks). This is because the
extension velocity is relatively high (1.6 cm/a) and even
the smaller perturbation represents a significant relative
weakness and thus efficiently localizes the deformation.
We propose that the rift geometry can be explained by the
formation of a ‘‘runaway weakness’’ in an otherwise strong
upper mantle and lower crust. This weakness does not need
to be produced entirely by a thermal anomaly. Runaway
effects can also be initiated by viscous strain weakening.

Fig. 8 Conceptual sketch showing different rifting stages of magma-
poor margins. a Early rifting without a horizontal weakness—exten-
sion is homogeneous at a lithospheric scale. b Rifting stage after
development of a central weakness localizing the deformation in the
mantle lithosphere and lower crust. ¢ Spreading stage—deformation
is entirely localized, margins are tectonically quiet. The architecture
of distal margins is mainly formed during stage B

The early stage of rifting without any localized weak-
ness might be recorded in the wide area of moderate
extension typically found at the continentward side of the
tapering crust at the distal margin. During this phase, rif-
ting is probably slow and uniform at the lithospheric scale,
and normal faults in the upper crust do not show the con-
sistent dip towards the site of future breakup (Fig. 8a).
With the development of a thermal and/or mechanical
weakness, deformation becomes localized in the deeper
lithosphere and the adjacent upper crust collapses into the
rift center (Fig 8b). Once the crust tears, the site of strongly
localized deformation in the mantle reaches the surface
(Fig. 8c). The presence of a crustal wedge, tilted block
array and S-reflector characterize the rifting stage, during
which the mantle lithosphere and the lower crust are
already subject to spreading beneath the crust.
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