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The stunningly increased resolution of the deep crustal levels in recent industrial seismic profiles acquired along
most of the world's rifted margins leads to the unraveling of an unexpected variety of structures. It provides un-
precedented access to the processes occurring in the middle and lower continental crust. We present a series of
so far unreleased profiles that allows the identification of various rift-related geological processes such as crustal
boudinage, ductile shear and low-angle detachment faulting, and a rifting history that differs from the classical
models of oceanward-dipping normal faults. The lower crust in rifted margins appears much more intensely de-
formed than usually represented. At the foot of bothmagma-rich andmagma-poormargins, we observe clear in-
dications of ductile deformation of the deep continental crust along large-scale shallow dipping shear zones.
These shear zones generally show a top-to-the-continent sense of shear consistent with the activity of
Continentward Dipping Normal Faults (CDNF) observed in the upper crust. This pattern is responsible for a mi-
gration of the deformation and associated sedimentation and/or volcanic activity toward the ocean. We discuss
the origin of these CDNF and investigate their implications and the effect of sediment thermal blanketing on
crustal rheology. In some cases, low-angle shear zones define an anastomosed pattern that delineates boudin-
like structures. The maximum deformation is localized in the inter-boudin areas. The upper crust is intensely
boudinaged and the highly deformed lower crust fills the inter-boudins underneath. The boudinage pattern con-
trols the position and dip of upper crustal normal faults.Wepresent some of themost striking examples from the
margins of Uruguay, West Africa, South China Sea and Barents Sea, and discuss their implications for the time-
temperature history of the margins.
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Fig. 1. Some of themanymodels proposed for the behavior of the continental crust during
the formation of rifted margins.
(Source: modified after Reston, 2007).
1. Introduction

Rifted margins initially form as intra-continental rifts in response to
continental divergence and evolve into passive margins when a new
ocean forms. Studying the margins of oceans hence provides informa-
tion on themechanisms in action during continental rifting. Riftedmar-
gins are characterized by either an absence or an abundance of
magmatic material. During rifting, the nature of the continental crust,
its structural inheritance and its thermal state may lead to variable
modes of crustal thinning. For scientific and economic motives, most
of the world's rifted margins have now been imaged by seismic reflec-
tion and improved technologies allow for ever-deeper penetration and
better resolution. This influx of datamakes it difficult tofind an example
of a “classical” model of rifted margin evolution (Levell et al., 2010).
Most classical models of rifting were proposed on the basis of seismic
profiles that do not show the resolution and penetration of more recent
acquisitions. Numerical modeling suggests that the lower crust may in
specific conditions behave as a ductile medium during its exhumation
(Huismans and Beaumont, 2011, 2014) but these new images show
structures in the lower crust, such as boudinage and shallow-dipping
ductile shear zones that have been observed and considered in the last
ten years in the Industrial World but have not been published yet. We
show in this paper that the lower crust is often muchweaker than clas-
sically postulated and this should lead us to reconsider rifting mecha-
nisms in many cases.

Magma-poor rifted margins form as an answer to rifting and conti-
nental break-up without or with minimal syn-rift volcanism. Fig. 1 pre-
sents some of the many models proposed for the formation of magma-
poor rifted margins. Some of them imply a ductile deformation of the
lower crust (Huismans and Beaumont, 2011, 2014), with fluxes toward
the ocean (Fig. 1a; Driscoll and Karner, 1998; Jolivet et al., 2015) or to-
ward the continent (Fig. 1b, Brun andBeslier, 1996). Based on deep seis-
mic data offshore United Kingdom, Reston (1988) proposes lower crust
boudinage as an answer to extension (Fig. 1c). Based on their observa-
tions on the Tethyan margins preserved in the Alps and on the pres-
ent-day Iberia Margin, Manatschal (2004), Péron-Pinvidic et al.
(2007), Péron-Pinvidic and Manatschal (2008) and Mohn et al. (2012)
proposed a model of three-layer continental crust where the brittle
upper and lower crust are strongly decoupled by a ductile middle
crust (Fig. 1d). The geometry of normal faults in this model, especially
in the first stages, is influenced by the assumption that the lower crust
is strong (intermediate or mafic) as in numerical models such as
Lavier and Manatschal (2006), which leads to the formation of down-
ward-concave normal faults for instance. Based on field observation in
the pre-Pyrenean rifted margins, Clerc and Lagabrielle (2014), propose
an alternative model implying boudinage of the upper crust allowed
by a high geothermal regime and blanketing effect of the decoupled
thick pre- and syn-rift sediments (Fig. 1e). Although the high tempera-
ture-low pressuremetamorphism (up to 600 °C) recorded in these pre-
and syn-rift sediment has not yet been reported from present-day pas-
sive margins this does not preclude their existence since drill holes are



Fig. 2. Variability in length of the margin, abundance of syn-rift deposits (sediments and/or volcanics), dip direction of the normal faults and general crustal behavior of the continental
crust at rifted margins. Compilation from 15 rifted margins from this study and reproduced from Péron-Pinvidic and Manatschal (2008), Autin et al. (2010), Jolivet et al. (2015),
Gernigon et al. (2014), Tsikalas et al. (2008), Unternehr et al. (2010), Osmundsen and Ebbing (2008), Clerc et al. (2015a), McDermott et al. (2015), Geoffroy et al. (2015), Gladczenko
et al. (1998).
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generally not deep enough and that such rocks are far out of target for
industrial purposes.

The presence of a weak lower crust may favor an early necking and
lead to an extensive spreading of the thinned continental crust
(Huismans and Beaumont, 2011, 2014). For Brune et al. (2014) spread-
ing of the continental crust is attributed to a rift migration maintained
by sequential faulting in the brittle crust and lower crustal flow. For
both Huismans and Beaumont (2011, 2014) and Brune et al. (2014),
lower crustal viscosity is a key-parameter, which strongly depends on
the composition of the lower crust, its initial thermal state and the ex-
tension rate during rifting. By contrast, the Newfoundland/Iberia conju-
gate margins show awide zone of exhumedmantle resulting from low-
angle normal faults rooted in a strong lower crust and upper mantle
(Péron-Pinvidic and Manatschal, 2008).

The amount of extensionmeasured from seismic profiles is generally
insufficient to explain the amount of crustal thinning and subsidence
(Ziegler, 1983; Burrus, 1984). This phenomenon, referred to as the ex-
tension discrepancy, is attributed to subseismic faulting (Marrett and
Allmendinger, 1992; Crosby et al., 2008), polyphase faulting (Reston,
2005; Reston and McDermott, 2014), sequential faulting (Ranero and
Pérez-Gussinyé, 2010) and/or to higher extension rates in the lower
crust than in the upper crust, implying lateral flows of crustal material
along shear zones (Sibuet, 1992; Davis and Kusznir, 2004; Egan and
Meredith, 2007; Jolivet et al., 2015). Magma-richmargins are character-
ized by the presence of voluminous magmatic intrusion and extrusion
contemporaneous with extensional tectonics (White and McKenzie,
1989; Skogseid et al., 1992). The main features of magma-rich rifted
margins are: i) the presence of high-velocity seismic zones at the base
of the crust: ii) a continental crust strongly intruded by sills and dikes
and iii) covered with thick flood basalts and tuffs formation often im-
aged in seismic profiles as strongly reflective Seaward Dipping
Reflectors (SDR; Barton and White, 1997; Mutter et al., 1982; White et
al., 1987; White and McKenzie, 1989).

The variety of tectonic models presented above is surpassed by the
striking diversity in the geometry of the riftedmargins observed world-
wide. Several parameters such as the length of themargin, the thickness
of the syn-rift sedimentary deposits, the behavior of the continental
crust, the abundance of intrusive and extrusive magma and the
vergence of normal faults differ significantly amongst margins (Fig. 2).
Several Atlantic margins such as the Brazil/Angola conjugate margins
present a strong necking zone followed seaward by a wide zone of
strongly attenuated continental crust (c.a. 180 km wide), underlying a
thick sag basin with an apparent lack of deformation (Contrucci et al.,
2004; Moulin et al., 2005; Unternehr et al., 2010; Péron-Pinvidic et al.,
2015). Whereas other margins such as the Southern Angola or Aden
margins appear extremely short (e.g.: Autin et al., 2010). Such large var-
iations in the width of the deformed domain, when not resulting from
oblique rifting, call for drastically different rheological behavior already
suggested by numerical modeling (Huismans and Beaumont, 2011,
2014), but never identified in nature. One then expects that a weak
crust will have a tendency to spread more easily and lead to a wider
margin, irrespective of other parameters such as tectonic heritage,
which are probably more effective during the early stages of rifting.
On this basis, it seems hardly possible to use a single model to under-
stand and predict the geometry of all the rifted margins around the
world. Although we are not yet able to propose a set of kinematic
models as has already been done on some highly studied margins
(Boillot et al., 1987; Whitmarsh et al., 1996; Pérez-Gussinyé et al.,
2003; Péron-Pinvidic and Manatschal, 2008; Péron-Pinvidic et al.,
2007), we present in this paper a selection of remarkable seismic reflec-
tion profiles that account for some geological processes rarely consid-
ered by the community of scientists working on rifted margins. We



Fig. 3. Locationmap for the 6 study areas. Basemap fromhttp://www.geomapapp.org and Ryan et al. (2009), repartition of the types ofmarginsmodified after Haupert et al. (2016). NAVP:
North Atlantic Volcanic Province.
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present: i) several observations in favor of a ductile behavior of the con-
tinental crust during the rifting of some rifted margins; ii) we introduce
some hints in favor of tectonic boudinage at variable scales; iii) we pres-
ent arguments in favor of the nucleation of rift-related low-angle nor-
mal faults; iv) we highlight the importance of the Continentward
Dipping Normal Faults (CDNF) in the structuration of some rifted mar-
gins and discuss their implications.

2. Observations from a selection of industrial seismic reflection
profiles

In this section, we present a selection of high quality seismic reflec-
tion data that illustrate some peculiar tectonic processes active during
the formation of rifted margins (Fig. 3). These examples come from
one magma-rich rifted margin (Uruguay) and four magma-poor mar-
gins (Gabon, Southern Angola, South China Sea and Barents Sea). For
each seismic profile, we highlight the first order observations and then
present our interpretations.

2.1. Uruguay magma-rich rifted margin

2.1.1. Observations
The magma-rich rifted margin of Uruguay results from the break-up

of Gondwana (Rabinowitz and LaBrecque, 1979; Gladczenko et al.,
1997), which is pro parte contemporaneous with the emplacement of
the Parana-Etendeka large igneous province (Gibson et al., 2006). In
contrastwith themagma-poormargins lying farther north, theUruguay
margin is devoid of post-rift evaporites but is characterized by thick ac-
cumulations, up to 8 km, of Seaward Dipping Reflectors (SDR)
interpreted as syn-rift volcanic formations (Stica et al., 2014; Franke et
al., 2007; Clerc et al., 2015a).

In the lower crust of the Urugay margin, Clerc et al. (2015a) identi-
fied two main groups of seismic reflectors (Fig. 4). A first group (A-re-
flectors) consists in long reflectors, continuous over tens of kilometers,
especially abundant near the mantle-crust boundary. A second group
consists of short reflectors (B-Reflectors) that are slightly curved and
dipping toward the east and that tend to merge with the first group of
reflectors (Fig. 4d). The concave-down geometry of the volcanics
forming the SDR has sometimes been explained by subsidence models
(Mutter et al., 1982; Hinz, 1981; Mutter, 1985), but alternatively, on-
shore and offshore investigations have pointed out that SDR are syn-
magmatic roll-over flexures controlled by major Continentward Dip-
ping Normal Faults (Brooks and Nielsen, 1982; Planke et al., 2000;
Gernigon et al., 2004, 2006; Geoffroy et al., 2001; Geoffroy, 2001,
2005; Mjelde et al., 2007; Stica et al., 2014; Pindell et al., 2014). Often
masked by the thick overlying SDRs, those continentward-dipping nor-
mal faults are difficult to identify in seismic reflection. Fig. 5 presents an
example of such a fault, clearly dipping toward the continent, and re-
sponsible for the oceanward tilt of a crustal block that supports a thick
SDR wedge.

2.1.2. Interpretation
Shear patterns observed at the base of the Uruguay margin are

interpreted as the testimony of a ductile behavior of the base of the con-
tinental crust. The observed ductile shear could either be related to soft-
ening of the crust favored by high heat flow above the mantle plume,
possibly underlined by younger intrusions, and/or to the deformation
of syn-tectonic intrusions and underplated melt (White et al., 1987;
White and McKenzie, 1989; Geoffroy, 2005).

http://www.geomapapp.org


Fig. 4. a) Regional map of the southern Atlantic Ocean after Gladczenko et al. (1997), Stica et al. (2014) and Soto et al. (2011), basemap from http://www.geomapapp.org and Ryan et al.
(2009). b) Magnetic anomaly map of the Uruguayan rifted margin after Maus et al. (2009). c) Interpretation of profile UR1 and d) close-up on the shear patterns at the base of the lower
crust (Clerc et al., 2015a).
Source: Data courtesy of ION Geophysical.
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Interestingly, the reflectors observed at the base of the continental
crust draw a pattern that strongly resembles the one observed in ductile
shear zones of various scales (Clerc et al., 2015a). The most characteris-
tic feature calling for an analogy with ductile shear zones is the sigmoi-
dal geometry of the small B-reflectors when approaching A-reflectors.
The A-reflectors can be compared to the ductile shear planes whereas
the B-reflectors are evocative of planes andobjects deflected by the duc-
tile deformation and parallelized to the shear bands. Together they
draw the pattern of thick top-to-the-continent shear zones, consistent
with the continentward dip of the normal faults that control the depo-
sition of the SDR (Fig. 5). This observation suggests that the whole con-
tinental crust may have undergone a large-scale top-to-the-continent
shearing. This further implies that, within the Ocean-Continent transi-
tion, lower crust and mantle have been exhumed by shearing during
rifting, although the exact limits are difficult to position on the profiles.
This behavior is similar in a first approach to the model recently pro-
posed for the Gulf of Lion margin (Jolivet et al., 2015).

On the conjugate margins of Namibia (Fig. 1) and South Africa, sev-
eral studies (Gladczenko et al., 1997; Mello et al., 2013; McDermott et
al., 2015) describe comparable CDNF playing a first order role in the
structuration of the margin and development of the SDR formations.
The existence of SDR and of such antithetic CDNF on both sides of volca-
nic rifted domains (Geoffroy et al., 2015), though still debated (Becker
et al., 2016), implies a symmetric disposition of structures that needs
to be discussed in term of mechanical behavior (see discussion in
Section 3.3.1).
2.2. Southern Angola (Namibe) magma-poor margin

2.2.1. Observations
Limited southward by theWalvis Ridge, the Namibemargin is locat-

ed at the southern end of the post-rift evaporites that cover most of the
central segment of the South Atlantic (Jackson et al., 2000; Karner and
Gambôa, 2007;Heine et al., 2013). TheNamibemargin is extremely nar-
row in comparison with its conjugate Brazilian margin (Mohriak et al.,
1995; Mohriak et al., 2008; Aslanian et al., 2009; Mohriak et al., 2012;
Mello et al., 2013; Moulin et al., 2013). This asymmetry has been attrib-
uted to the development of upper versus lower plate boundary (Lister
et al., 1986; Péron-Pinvidic et al., 2015), with the Namibe margin
being the upper plate member (Brito et al., 2004). Because it is not cov-
ered by thick evaporite deposits, theNamibemargin allows for a fair im-
aging of the rift-related structures preserved in the upper continental
crust.

Profile ANG1 (courtesy of ION Geophysical), presented in Fig. 6, is an
87 km-long profile that images the short Namibemargin, on the south-
western end of Angola. Numerous syn-rift basins are clearly imaged,
characterized by oceanward-tilted fan reflectors.

http://www.geomapapp.org


Fig. 5. Profile UR2 and close-up on a SDR wedge and associated Continentward Dipping
Normal Fault.
Data courtesy of ION Geophysical.

25C. Clerc et al. / Gondwana Research 53 (2018) 20–40
2.2.2. Interpretation
As for volcanic rifted margins, most of the extension of the Namibe

margin is accommodated by CDNF responsible for the deposition of
seaward titled syn-rift deposits (Fig. 6). But, unlike volcanic rifted mar-
gins, the Namibe margin is devoid of high impedance SDR and late-rift
to post-rift magmatic activity is identified only at the western tip of the
margin. According to the results of Moulin et al. (2013), there is no
symmetry at the scale of the rifted domain since the Namibe margin
is much shorter than its conjugate Brazilian margin.

This line demonstrates that magma-poor rifted margin can also be
entirely controlled by CDNF. This implies tilting of the crustal blocks to-
ward the ocean. This has strong implications in terms of sediments trap-
ping because i) the deepest parts of the basins are located on the
offshore side of each half-graben; and ii) the tilting of the sediments
Fig. 6.MapofWest Africa showing the localisation of profiles GA1,GA2,GA3 andANG1. Basemap
adds up to the slope created by the subsidence of the margin whereas
the dip of the normal faults is diminished by the subsidence of the mar-
gin (see discussion in Section 3.3).

2.3. Gabon magma-poor rifted margin

2.3.1. Observations
The Gabon margin was formed by the rifting apart of South America

and Africa during the Late Jurassic and Early Cretaceous (Rabinowitz
and LaBrecque, 1979). Onshore syn-rift sedimentary basins on the
Gabon and its conjugate Brazilian margins indicate that rifting initiated
in the Neocomian (i.e. 133 Ma; Teisserenc and Villemin, 1990;
Magnavita et al., 1994). In contrast with the Angola margin, the Gabon
margin presents a much thicker syn-rift sedimentary cover, and a thin-
ner sag basin (Lentini et al., 2010; Unternehr et al., 2010; Péron-Pinvidic
et al., 2015).We present three profiles shot offshore the Gabonesemar-
gin. 2D Profile GA1 and 3D profile GA2 (130 km-long) are parallel and
very close to each other (Fig. 7). Profile GA1 is a 245 km-long and
24 km-deep (courtesy of IonGeoventure). It shows theproximalmargin
fromnearly undeformed continental crust in the east towell-developed
oceanic crust in the west. Though the crustal reflectors are partly
masked and blurred by thick post-rift evaporite, one can observe that
the continental crust is thinned over N150 km. On top of this thinned
crust, the syn-rift sediments appear tilted toward the ocean. Profile
GA2, shown as a line-drawing, (Fig. 7), 130 km-long and 16 km-deep,
shows in more details the tilt of these sediments and reveals that the
sedimentary reflectors are truncated/stopped oceanward along rela-
tively low-angle continentward dipping reflectors. In Profile GA2, the
continental crust is characterized by strong sub-horizontal reflectors
presenting a low amplitude/long wavelength undulation.

GA3 (Fig. 8) is a 163 km-long 2D profile shot N100 km north of
profiles GA1 and GA2, between the Koumaga and N'Komi Fracture
zones (MbinaMounguengui and Guiraud, 2009). It shares several char-
acteristicswith profiles 1 and 2: (i) two clear sets of oceanward-dipping
thin sedimentary reflectors controlled by (ii) low-angle continentward-
dipping normal faults that delineate (iii) an undulated top basement. A
sharp bathymetric high is observed west of the shelfbreak. Although
this profile is older and has a lower resolution close attention, It is
worth noting that these features were hence already visible since the
fromhttp://www.geomapapp.org andRyan et al. (2009). ProfileANG1 and interpretation.

http://www.geomapapp.org


Fig. 7. Profiles 1 and 2 from the Gabon riftedmargin. Both profiles are parallel and roughly superposed. Approximate projection of profile GA2 on profile GA1 in indicated by the red box.
See map on Fig. 6 for location.
Source: Data courtesy of ION Geophysical (profile GA1), Total, Marathon and Cobalt (profile GA2).
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80ies-90ies but generally ignored because unpredicted by themodels in
force at that time.

2.3.2. Interpretation
Similar features can be observed at different scales and resolutions on

profiles 1, 2 and 3. The syn-rift sediments are tilted toward the ocean (18°
to 30°) thanks to the activity of CDNF. Identified by Meyers et al. (1996),
these reflectorswere interpreted as the gradational emergence of a proto-
oceanic crust. But recent data show that these reflectors are distinct from
conventional magma-related Seaward Dipping Reflectors (SRDs) by their
low impedance and high frequency. Furthermore, there are no gravimet-
ric or magnetic data indicating the existence of substantial syn-rift mag-
matic province in the area. The bathymetric high on profile GA3 is
interpreted as a magmatic structure of limited extension, similar to
other extrusive magmatic bodies already identified in the area (Jackson
et al., 2000), but volcanism is not considered as a major process for the
formation of the margin (Moulin et al., 2005). We therefore question,
for the Gabon margin, the existence of a thick post-tectonic sag-basin
resting on top of a long and flat detachment as generally represented
along West African magma-poor rifted margins (Contrucci et al., 2004;
Moulin et al., 2005; Unternehr et al., 2010; Péron-Pinvidic et al., 2015). In-
stead, we observe an in-sequence migration of extensional deformation
(CDNF) and associated syn-tectonic sedimentation toward the ocean.
Near the most distal part of profile GA3, late syn-rift sediments are asso-
ciated to an increasing proportion of magmatic rocks (purple) that an-
nounces the forthcoming initiation of break-up and crustal spreading
(Fig. 8). The most distal syn-rift sediments of profiles GA2 and GA3 rest
on a transitional domain thatmay either be constituted of exhumedman-
tle or proto-oceanic crust (Figs. 7 and 8). The nature of that strongly re-
flective contact is possibly tectonic. The thick syn-tectonic sediments are
in turn locally covered by small and shallow sag-basins (yellow).

Below the seaward tilted syn-rift sediments, one can observe a conti-
nental crust characterized by flat reflectors that present a low amplitude
(3 to 5 km) and long wavelength (10 to 50 km) undulation. On Profiles
GA1 and GA2, strong intra-crustal horizontal reflectors at 11–13 km-
depth, which is 2 to 5 km above the Moho, may correspond to the
upper-lower crust limit visible in Martin et al. (2009) and identified by
Dupré et al. (2011). These two crustal levels may be related to the two
crustal levels “type I” and “type II” identified further south along the An-
golaMargin byMoulin et al. (2005) respectively interpreted as upper con-
tinental crust and lower (possibly intruded) continental crust. In
agreement with Dupré et al. (2011), the lower crust imaged on profiles
GA1, GA2 and GA3 appears irregularly shaped and presents lateral thick-
ness variations along the direction of thinning and along the coast.We in-
terpret these intracrustal undulations as upper crustal-scale boudins
supporting oceanward-tilted syn-rift sediments above a sheared lower
crust.

2.4. South China Sea magma-poor margins

2.4.1. Observations
The rifted margins of the South China Sea are devoid of salt and of

SDR (Savva et al., 2014) and hence allow for a good imaging of the
stretched continental crust.



Fig. 8. Seismic reflection profile GA3, line-drawing and interpretation across the Gabon margin, N100 km north of profiles GA1 & GA2. See map on Fig. 6 for location.
Source: Data courtesy of Schlumberger Multiclient and Petrolin.
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The triangular map-shape of the rifted domain with a SW pointing
apex (Fig. 9), is indicative of a propagation opening (Courtillot, 1982;
Huchon et al., 2001; Ding and Li, 2016). The “V” shape area is cored by a
domain of Oligocene to Early Miocene oceanic crust. Because the South
China Sea opened at the emplacement of the former long-lasting subduc-
tion zone of eastern Sundaland, it is characterized by a considerable
amount of magmatic products uplifted and eroded since the Cretaceous
(Taylor and Hayes, 1980, 1983; Schlüter et al., 1996; Pubellier et al.,
2003;Wang et al., 2013). Rifting could have started from the orogenic col-
lapse of the Cretaceous Yenshanian orogen (Chen et al., 2010) andmainly
occurred from the Early Eocene to the Oligocene (Briais et al., 1993;
Barckhausen and Roeser, 2004).

To the southwest of the South China Sea, at the tip of the propagator,
the rifted domain presents a ribbonmorphology resembling the pattern
of the Basin and Range province in Western US (Fig. 9). This pattern is
generally considered as an extreme, pre-oceanisation, crustal thinning
resulting in a boudinage of the whole continental crust (Nissen et al.,
1995; Franke et al., 2014; Savva et al., 2013, 2014).

In Figs. 10 and 11, we present line-drawings of profiles SCS1 and
SCS2. These 2 profiles are parallel, distant from one another by 60 km
and are located across the Nam Con Son and East Natuna basins, at the
very tip of the oceanic propagator (Fig. 9). The two profiles reveal a con-
tinental crust that is thinned and cut by normal faults over the whole
length. On profile SCS1, little to undeformed 11 s-thick (twt) continen-
tal crust is attenuated to b5 s (twt). On profile SCS2, a 9 s-thick (twt)
continental crust is thinned over N350 km, and continental break-up
is probably achieved between two relatively symmetric margins.

Faults dips and dip directions are highly variable across and along the
margins. (i) The northwestern half of profile SCS1 is characterized by
dominant shallow-dipping CDNFwhereas (ii) the dip direction of normal
faults on its southern half and on profile SCS2 ismuchmore variable with
normal faults dipping both toward the ocean and toward the continent.

2.4.2. Interpretation
Both profiles reveal a widely distributed thinning of the continental

crust, which is strongly thinned and spread over N400 km due to two
episodes of rifting that occurred after the Yenshan orogen: the proto-
South China Sea (now subducted beneath Borneo) and the South
China Sea.

Profiles SCS1 and SCS2 highlight the importance of the along- and
across-margin variability of the dip of normal faults. For Franke et al.
(2014), this variability results from an alternating upper and lower
plate configuration, but one could also invoke (i) the succession in
time of several extensional events (Franke et al., 2014) or the unstable
behavior of the continental crust in reason of its high thermal gradient
(Cullen et al., 2010). On profile SCS2, the syn-tectonic sedimentary
growth developed over the oceanward- and continentward-dipping
normal faults appears diachronous. For instance, in Fig. 11b, the syn-
rift sediments 1, in red, whose deposition is compatiblewith the activity
of detachment 1, are overlapped by the syn-rift sediments 2, in orange,
whose pattern is consistent with the activity of detachment 2. This
change in the dip of the normal faults is responsible for the formation
of crustal domes, commonly observed in the area. This example shows
that most of the finite extension has been accommodated by low-
angle normal faults in the upper crust and ductile thinning of the
lower crust where normal faults root. The irregular topography of the
Moho is a significant difference with the Basin and Range where the
Moho is instead almost flat (Allmendiger et al., 1987). This difference
is probably due to a larger finite extension and strain localization in a
process that ultimately leads to breakup and formation of oceanic
crust. Here, the upper crust is boudinaged during several episodes
from Late Cretaceous to Miocene. Seismic refraction indicates that the
large normal faults cutting through thebrittle upper crust tend toflatten
and root in a denser (6.5–6.7 km/s) and smoothly-contoured material
interpreted as ductile lower crust (Pichot et al., 2014).

2.5. Barents sea magma-poor rift

2.5.1. Observations
Profiles BRT1, BRT2 and BRT3 lie in the southwestern Barents Sea

(Figs. 12, 13), in an aborted branch of the post-Caledonian North
Atlantic rift system (Riis et al., 1986; Breivik et al., 1998). The Barents



Fig. 9.Map of the South China Sea showing themain structural features, after Savva et al., 2013, 2014; Franke et al., 2014. Profiles SCS1 and SCS2 are located at the southwestern tip of the
South China Sea propagator.
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Sea opened over a part of the Caledonian orogeny, later inverted and
eroded during the late Paleozoic (Gudlaugsson et al., 1998). The
continental margin of the western Barents Sea developed in response to
the separation of Eurasia and Greenland during the Paleogene (Talwani
and Eldholm, 1977; Faleide et al., 1993). Following the orogenic collapse,
the area, like thewholenorthAtlanticmarginhas undergone a long rifting
history with peaks of activity during the Permian, the Jurassic, and the
Early Cretaceous. Several basins, whose ages are progressively younger
toward the West, are separated by basement highs (Loppa, Stappen,
Veslemøy, Norsel, Senja). Gernigon et al. (2014) published a series of
crustal section based on deep seismic and potential field data modeling
for the western Barents Sea (Fig. 12a). In this model, the Stappen and
Loppa highs (Fig. 12a, b) representmassive and rigid crustal boudins, sep-
arated by a dominantly early Cretaceous basin, developed over thinned
continental crust.

BRT1 is a 190 km-long profile across the Loppa and Veslemøy crustal
high (Fig. 12c). Profiles BRT2 and BRT3, respectively 28,5 and 30,9 km-
long, are from a 3D seismic block imaging the top of the Veslemøy
high, down to 10 km depth. The area is characterized by a long low-
angle reflector cutting through the sediments covering the top of the



Fig. 10. Profile SCS1, across the Nam Con Son basin, located ahead the propagator of the South China Sea.
Source: Data courtesy of TGS.
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Veslemøy high. The deep part of the low angle reflector is not clearly
visible on seismic, nor is the basement (interpretation is possible
down to the top Permian only). Seismic and gravimetric modeling
show that the fault cuts the whole crust down to a dome-shaped
Moho level at 25 km depth. Breivik et al. (1998) describe an inhomoge-
neous felsic to intermediate crystalline basementwith seismic velocities
of 6.3 km/s at the top to 6.6 km/s at the base. At the base of the crust,
high velocities of 8.5 km/s are attributed to either mantle or eclogites.

3D seismic provides a good to fair imaging of the hangingwall down
to 10 km, while the footwall is properly imaged down to 5–6 km. The
shallow portion of the fault is a N1 km shear zone developed at the ex-
pense of the Triassic-Jurassic footwall and Cretaceous hangingwall. The
hanging wall records several sets of conjugate normal faults; both anti-
thetic and synthetic to the main shear zone, and cutting the sediments
at low angle.

2.5.2. Interpretations
The necks between the crustal boudins have been characterized at

low resolution in Gernigon et al. (2014). High-resolution 3D evidence
the low-angle normal faults that were previously unresolved with the
upper Mesozoic section. Between the Loppa and Stappen highs, large
detachments appear to root in the very base of the crust and even
cross through, down to the mantle, at 15 km to 25 km-depth. The
Fig. 11.A: Profile SCS2 across theNamCon SonBasin, located 60kmnortheast of profile SCS1. Th
the intersection of two antithetic detachments.
Source: Data courtesy of TGS.
Veslemøy fault is very characteristic on this example; it affects the
whole crust and is associated to a dome at Moho level (25 km instead
of 32 km). The main activity of the fault is early Cretaceous; it has
been reactivated to a lesser extent during the late Cretaceous Atlantic
rifting and slightly rejuvenated after break-up. One important question
is the original dip of this large-scale shear zone, was it initially steep and
tilted in a later phase or was it formed with its present geometry?
Thanks to 3D seismics, we were able to have a good 3D perception of
the area and to pick and to measure the true dip of the associated
minor conjugate of the normal faults. The contemporaneity of the con-
jugate faults is attested by their syn-sedimentary nature. Wemeasured
low dip values, ranging from 30° to 60° near the surface and down to ca.
14° at depth (Fig. 13a). By determining the bisector of the conjugate
normal faults, it is possible to estimate the orientation of themajor prin-
cipal stress axis (σ1) at the time of faulting. Because σ1 is found vertical
on Fig. 13b, and in opposition with what has been observed on other
low angle normal faults (Reston and McDermott, 2011), we deduce
that the faults have not been tilted after their formation. Furthermore,
since these faults cut through the flat and unfolded Cretaceous sedi-
ments covering the top of the Veslemøy high, we can argue that these
normal faults nucleated at low angle and are most probably not
resulting from the inversion of pre-existing low angle thrust planes.
This shows that the large-scale normal fault or extension shear zone
e seismic profile is available fromFig. 5Aof Franke et al., 2014. B. Zoomon a crustal domeat



Fig. 12. a) Interpretation of the Barents margin redrawn after Gernigon et al. (2014). b) Localization map for profiles G, H, BRT1, BRT2 and BRT3, redrawn after Faleide et al. (1984) and
Gernigon et al. (2014). c) Profile BRT1 across the Loppa and Veslemøy highs.
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was formedwith its present low dip like other detachments around the
world: in the Basin and Range (Burchfiel et al., 1987), in the Cyclades
(Mehl et al., 2005, 2007; Lacombe et al., 2013) or the Norwegian
Caledonides (Osmundsen andAndersen, 2001). Thepossibility that nor-
mal faults can nucleate and be active at low-angle is a matter of debate.
For some authors, nucleation is impossible and necessarily results from
the reactivation of older fault planes and/or rotation of previous higher
angle normal faults (Proffett, 1977). However, mechanical activation of
low-angle normal faults is theoretically possible for material presenting
very low friction coefficients (phyllosilicates, clays, talc, serpentinite…)
and/or high fluid pressures (Famin et al., 2004; Collettini, 2011;
Lecomte et al., 2011). This may be the case for the thick and reflective
shear zone observed at depth on profiles BRT2 and BRT3, though it
does not explain the low-angle normal faults observed on the surface.
At a larger scale, interpretation of profile BRT1 reveals that the low
angle normal faults affecting the top of the Veslemøy high relate to
the fault system delimitating the northern rim of the Veslemøy crustal
boudin. This indicates that the upper crust deformation is controlled
by the boudinage with low-angle normal fault nucleating in the inter-
boudin. This example thus shows a large-scale boudinage of the entire
crust with a shallow-dipping extensional shear zone topping the
boudins.

3. Discussion

3.1. Ductile behavior of the continental crust

The rheology of the crust and its evolution during rifting is a matter
of debate. According to numerous numerical approaches, ductile shear
is suggested in the mid- to lower-crust during crustal thinning (Harry
and Sawyer, 1992; Michon and Merle, 2003; Lavier and Manatschal,
2006; Van Avendonk et al., 2009; Huismans and Beaumont, 2011,
2014). However, in these models, most of the ductile deformation is lo-
calized in the middle crust whereas the lower crust is considered to be
stronger and brittle (e.g. Van Avendonk et al., 2009), because resistant
lower crust and upper mantle are chosen in the initial setups of these
models. In contrast, other alternative quantitativemodels suggest a duc-
tile behavior of the lower crust of some rifted margins following classi-
cal rheological stratificationmodelswhere the lower crust is assumed to
be made of intermediate to mafic material (Goetze and Evans, 1979; Le
Pichon and Chamot-Rooke, 1991) or alternatively made of weaker
quartz-felsic material (Hopper and Buck, 1996; Huismans and
Beaumont, 2011, 2014 – Type 2; Jammes and Lavier, 2016). The exam-
ples shown in this paper suggest that for many margins the lower
crust is weaker than assumed and accommodates a large part of exten-
sion by ductile shearing. Thanks to the exceptional quality of recent
seismic data, Clerc et al. (2015a) identified evidences for a rift-related
ductile shear at the base of the Uruguay volcanic margin (Fig. 4). In
the case of a volcanic margin such as the Uruguay one, the weakness
of the crust could be related to the high heat flow related to the emerg-
ing plume and/or to the important syn-tectonic underplating and im-
pregnation of the lower crust by magmatic melts (Franke et al., 2006;
Hirsch et al., 2009). On the conjugate margin of Namibia/South Africa,
high seismic velocities (up to N7 km/s) also point to a gabbroic compo-
sition of the lower crust (Fromm et al., 2015).

Other evidence of ductile deformation can now be interpreted at the
base of the crust along the magma-poor rifted margins of Gabon and
South China Sea. Along the Gabon margin, we observe 10 km to
50 km-long crustal-scale lenses that are reminiscent of boudins, so com-
mon on outcrops of ductilely deformed heterogeneous rocks. The base
of the boudins, at a depth of 15 km to 12 km is separated from the
Moho (17 km to 15 km-depth) by a 3 km to 5 km-thick lower crust
characterized by long and sub-horizontal reflectors. This lower crustal
layer is particularly evocative of a ductile behavior, especially in the
inter-boudins necks where it bumps in between the stronger boudins
(Fig. 14a and b). The geometry of the lower crustal layer in the inter-
boudin and the attitude of syn-rift sediments strongly resemble, at a dif-
ferent scale, the shape of the salt diapirs observed at shallow levels on
the same margins as well as the sediment packages deposited during
gravity gliding on the riftedmargin (Fig. 14c). This nearby analogy rein-
forces our perception that the lower part of the Gabon riftedmargin be-
haves in a ductile way. The observedweakness of the base of the crust is
possibly explained by a positive thermal anomaly during rifting sug-
gested by Dupré et al. (2007, 2011). The origin of this thermal anomaly
is still poorly constrained, but we suggest a potential effect of the sedi-
ment thickness. Indeed, crustal boudins are covered by thick syn-rift
sedimentary deposits (4 to 8 km-thick) and the thick sedimentary
cover is continuous, leaving no space for the heat to escape. The heating
from below and insulation by sediment, or “blanketing effect”, are
regarded as major issues for the thermal history of rifted margins
(Levell et al., 2010; Clerc et al., 2015b, 2016; Lagabrielle et al., 2016),
and, as illustrated in Fig. 2, it is obvious that this effect is highly variable
from amargin to another, depending on the sediment thickness and na-
ture. Numerical modeling (e.g.: Karner, 1991; Lavier and Steckler, 1997;
Theissen and Rüpke, 2010) confirms the blanketing effect of the sedi-
ments and resulting weakening of the lithosphere. On the other hand,
the timing of rifting and associated sedimentation is another key factor,
since the rapid input of sediment also affects upper mantle thermal
structure and changes the buoyancy forces inways that enhance the lo-
calization of strain and favor an early transition to narrow-rift mode
(Lizarralde et al., 2007; Bialas and Buck, 2009). It is noteworthy that a
ductile flow of the lower crust associated with a crustal-scale shear



Fig. 13. Profiles BRT2 (a) and BRT3 (b) across the Veslemøy crustal high (data courtesy of Schlumberger). Nucleation of low angle normal faults is attested from profile BRT2 (a), which is
orthogonal to the faults strike (determined from3Dseismic block). b) Themajor principal stressσ1 is foundvertical on BRT3bydetermining the bisector of the conjugate antithetic normal
faults, which attests for the absence of post-fault tilting. The low angle between the faults and the sedimentary bedding, and the tiny rotation of these series also confirms that the faults
nucleate at low angle.
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affecting the entire crust can lead to lateral juxtaposition of lower and
upper crust. Once brought to shallow levels or even exhumed, a ductile
lower crust is expected to behave in a brittle way and thus become
undistinguishable in seismic reflection from an upper crust (e.g. Jolivet
et al., 2015). This aspect should be kept in mind when attempting to
restore conjugate margins (cf. conservational vs. non-conservational
models in Aslanian and Moulin, 2013).

In the South China Sea, tectonic boudinage and ductile deformation
of the continental crust have already been proposed (Savva et al., 2013)
and are in agreement with previous gravity modeling (Watts and



Fig. 14. a) interpretations of seismic profiles across themagma-poormargin of Gabon, a few tens of kilometers south of profile GA2. Courtesy of Total,Marathon and Cobalt. b) Comparisonwith
similar structures observed at a completely different scale, in the rafted post-salt sediments. Localisation in (a). c) Comparisonwith amodel of crustal boudinage, redrawn after Gartrell (1997).
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Stewart, 1998) that suggests the existence of a mechanically weak zone
underlying a wide part of the margin. Here, the ductile behavior is ex-
plained by the high heat flow resulting from the rapid inversion of a for-
mer magmatic arc (Nissen et al., 1995).

3.2. Crustal boudinage

Boudinage refers to an unstable behavior of a rheologically stratified
medium subjected to extension (Goscombe et al., 2004). Stronger layers
are deformed by periodical localized thinning leading to sausage-
shaped structures separated by necks. These structures were named
boudins by analogy with some sorts of French sausage (Lohest, 1909).
Depending on kinematic boundary conditions, various shapes of bou-
dins may form, that can be either symmetrical or asymmetrical
(Goscombe et al., 2004). Boudins have been described on numerous
outcrop scale examples but also at crustal scale (Fletcher and Hallet,
1983; Jolivet et al., 2004; Mehl et al., 2007) or even at lithospheric-
scale for the Basin and Range Province (Froidevaux, 1986; Ricard and
Froidevaux, 1986). The wavelength of boudinage is highly dependent
upon the rheological contrast between the boudinaged layer and the
matrix and also its thickness like for all periodic instabilities. In the
case of the Basin and Range, crustal-scale boudins are typically 30–
50 km wide and lithospheric boudins show a 200 km periodicity
(Ricard and Froidevaux, 1986; Ricard et al., 1987). Using theword “bou-
dins” in the case of rifting and rifted margins is thus justified.

On several of the profiles presented above, boudinage appears as a
recurrent deformation process accounting for the thinning of the conti-
nental crust at variable scales. On the margin of the Barents Sea, large
(several tens to hundreds km), rigid crustal blocks such as the Loppa,
Stappen, or Veslemøy blocks are interpreted as thick and poorly thinned
crustal boudins (Gernigon et al., 2014). These crustal blocks are separat-
ed by inter-boudins characterized by thinned and sheared crust covered
by thick syn-tectonics sediments. Similar features are described by
Savva et al. (2013) in the South China Sea, where thin (ca. 2 to 4 s-
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TWT) and elongated (100 km to 200 km-long) crustal boudins are sep-
arated by thick sedimentary basins floored by exhumedmantle perido-
tites. On a smaller scale, but still with comparable geometries, the distal
part of the Gabon margin reveals the existence of 10 km to 50 km-long
boudins of upper crust (Figs. 7, 8, 14). There, a network of numerous
sub-horizontal reflectors in the lower crust delimitate crustal boudins,
tapering at each end in an inter-boudin area controlled by low-angle
(10° to 15°) CDNF. Similar anastomosed low-angle reflectors identified
in the lower crust offshore Britainwere interpreted as semi-brittle shear
zones (Reston, 1988).
Fig. 15. a) Sandmodel uniformly stretched by downslope planar normal faults, redrawn after V
trough an extensional wedge, photograph and redrawn from Xiao et al., 1991 and Yin, 1994. Th
(from right to left on the photograph). Comparison with profile ANG1 (c) suggests the existen
The boudin geometry distinguishes from the classical block tilting
geometry described on rifted margins by (i) the shallow dip of normal
faults and (ii) the lenticular or phacoïdal geometry of the crustal blocks.
Jolivet et al. (2004) and Mehl et al. (2007) highlighted the role of
boudinage as an initial localizing factor by inducing the formation,
near the brittle-ductile transition, of ductile shear zones at the edges
of boudins. The inter-boudin necks tend to localize strain, which leads
to local stress concentration and to initiation of shear zones. The shear
zones are then progressively exhumed and replaced by shallow dipping
cataclastic shear zones when they reach the brittle field (Jolivet et al.,
endeville, 1987. b) Sandbox experiment showing the progression of deformation sequence
e locus of active synthetic normal faulting moves from the back to the front of the wedge
ce a major shear at the base of the continental crust.
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2004, 2010). This process leads to a final geometry consisting in boudins
of variable size, separated by low angle shear zones rooted in inter-bou-
din necks, as exemplified on Fig. 12.

The observation of large-scale boudins in the extended crust of rifted
margins calls for mechanical instabilities during rifting because of the
stratification of the lithosphere, and more specifically the crust. The ex-
amples of the South China Sea or the Gabon magma-poor margins thus
show a significant contrast of resistance between the upper and lower
crust. The upper crust is periodically boudinaged above the weak lower
crust and shallow-dipping extensional shear zones and normal faults
form along the upper surface of these boudins. The exaggeration of this
process leads to a boudinage of the whole crust (Barents Sea), possibly
above a weak base of the crust or even above a hot and weak mantle.

3.3. Continentward Dipping Normal Faults (CDNF)

3.3.1. Origin of the CNDF
The dataset we selected for this study, after browsing most of the

world's margins, is remarkable for the important proportion of margins
controlled by CDNF, which provides us with a rather unexpected percep-
tion of the magma-poor rifted margins, traditionally represented with
Fig. 16. Possible scenario for the formation of Continentward Dipping Normal Faults (CDNF). a
Raillard et al. (1998) and Sapin et al. (2012); the formation of CDNF can also be controlled b
results either from (b) a basal drag of the mantle due to mantle drift; or (c) in the case of volc
oceanward-dipping normal faults. The Namibe and Gabon margins are
particularly striking with the whole margins being entirely controlled
by CDNF. The exceptional quality of the data on profiles GA2, allows us
to determine that the CDNF evolved in a sequence migrating toward the
ocean, entailing with it an oceanward migration of depocenters (Fig. 7).
Syntectonic sedimentation clearly results in a series of oceanward-grow-
ing and tilting sedimentary wedges, younging toward the ocean. The ob-
servation of CDNF along the Gabonmargin is in accordancewith previous
observations (Ranero and Pérez-Gussinyé, 2010; Skogseid, 2014) and nu-
merical models (Brune et al., 2014) but is also in relative contradiction
with the description of the West African non-magmatic margins, often
represented with thick and wide sag basin (Contrucci et al., 2004;
Moulin et al., 2005) that is described as “subsiding vertically without dif-
ferential tilting” (Aslanian et al., 2009) resting on a “highly thinned, little
faulted continental crust” (Unternehr et al., 2010). For us, interpretation
of profiles GA1, GA2 and GA3 indicates that most of the sedimentary ba-
sins resting on top of the highly thinned continental crust are actually
syn-rift and migrate outboard until break up. This implies that improved
seismic images may lead us to reconsider the existence or extension of
some of the sag basins interpreted on the thinned crust of several rifted
margins.
) Formation of CDNF by inversion of inherited structures (former thrusts), modified after
y the existence of top-to-the-continent shear at the base of the crust. This shear could
anic rifted margins to the collapse of a topographic anomaly above an emerging plume.



Fig. 17. Implication of fault dip on the tilt of the crustal blocks. On CDNF-controlled
margins, bloc-related tilting adds up to the subsidence-related tilting. Whereas on
margins controlled by oceanward-dipping normal faults, block tilting (toward the
continent) is opposed to subsidence-related tilting (toward the ocean).
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Equivalents of the Continentward Dipping Normal Faults of present
day margins can be observed in the Jurassic distal margins exhumed in
the Alps. They are the Margna fault in the Malenco area (Müntener and
Hermann, 2001) and the Pogallo shear zone in the Ivrea zone (Handy
and Zingg, 1991). In these localities, Mohn et al. (2012) described a neck-
ing zone characterized by an interplay of convergingnormal faults rooting
in the ductile middle crust. These faults, dipping continentward in the
Fig. 18. Schematic representation of the volcanic rifted m
lower crust (Pogallo fault) and oceanward in the upper crust (Grosina de-
tachment), lead to the nearly complete elimination of the ductile middle
crust. Once necked and sufficiently thinned, the crust becomes brittle
which allows the faults to cut through, down to the mantle and exhume
it at the seafloor.

These processes, very well described in the Alps, seem to apply also
fairly well to the Iberian margin (Mohn et al., 2012; Manatschal, 2004;
Péron-Pinvidic and Manatschal, 2008). However, considering the impor-
tant variability of the nature of the crust, the variability of its thermal
state, and the diversity of extension rates, wemay question the universal-
ity of this model. e.g.: Along the Cretaceous passive margins inverted in
the Pyrenean range, recent work revealed the existence upper crust
boudinage (Clerc and Lagabrielle, 2014; Clerc et al., 2016; Corre et al.,
2016; Teixell et al., 2016) associated to strong thermal anomaly recorded
in the pre-and syn-rift deposits (Clerc et al., 2015b; Lagabrielle et al.,
2016). Similarly, in the South China Sea, Savva et al. (2013) described a
rift related crustal deformation widely distributed over numerous lower
crustal detachments indicating a rather delocalized and ductile deforma-
tion of the crust. For Savva et al. (2013), these attributes suggest that the
lithosphere was possibly warmer or weaker during the rifting of the
South China Sea. Our observations in the same regions call for a similar
interpretation.

Sandbox experiments by Faugeres and Brun (1984) and Faugeres
(1985) revealed the relationship between the development of asymmet-
rical block tilting and the presence of a strong shear stress at the base of
the brittle layer (Fig. 15). In these experiments, the dip direction of a nor-
mal fault is directly controlled by 2 parameters: (i) the inheritance of pre-
existing tectonic discontinuities, and (ii) the sense of shear at the basal
discontinuity in which the normal fault is rooted. Faugeres and Brun
(1984) show that the normal faults are always synthetic to the basal
shear (Fig. 15). It should be noticed here that the dip of normal faults
rooting within shallow-dipping extensional shear zones along the upper
surface of crustal-scale boudins mentioned in the previous section fully
respect these characteristics. In an application of these models to rifted
margins, Brun et al. (1985) describe an interplay between two systems
argins and ductile-type magma-poor rifted margin.
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leading to the necking of the continental crust: (i) one corresponds to the
upward migration of the Moho and affects the base of the crust with a
top-to-the-continent sense of shear leading to the formation of CDNF;
(ii) the other one corresponds to the subsidence of the margin, and
leads to the tectonic collapse and gravity-driven décollement responsible
for the formation of oceanward-dipping normal faults. By adding a layer
of ductile silicone at the base of the sand layers, Vendeville (1987) ob-
servedmore variable dip directions of the normal fault and the formation
of horst and graben which could be attributed to the decoupling effect of
the ductile layer. A looser transmission of the shear stress to the base of
the brittle layer would hence lead to a more random organization of the
dip of normal faults. It is tempting to compare this later result to the
case of the South China Sea, which is known for its hot and thus weak
and ductile lithosphere and where we observe an important along- and
across-margin variability of the dip of normal faults (Figs. 10 and 11).

Therefore, in the case of themagma-poor rifted margins of the south-
ern Atlantic (Gabon, Southern Angola) we may envision that the
continentward dip of the normal faults could be either due to a structural
inheritance (Fig. 16a) or to a large-scale shear at the base of the crust due
to the upward migration of the Moho during necking. In the second situ-
ation simple shear then localizes along theMoho and controls the forma-
tion of CDNF in a symmetrical fashion like in the Southern Atlantic
(Uruguay and Namibia conjugate margins; Figs. 2; 16b and c). Along the
volcanic margin of Uruguay, this second hypothesis of a crustal shear at
the origin of the formation of CDNF is indeed attested by the top-to-the-
continent ductile fabric observed in the middle and lower crust (Clerc et
al., 2015a). The shear pattern in the lower crust and the normal faults in
the upper crust of the Uruguay margin show a component of simple
shear distributed across the entire continental crust, thus suggesting a rel-
ative motion of the mantle with respect to the continental crust. When
considering the conjugate southern Namibian and South Africanmargins
(Gladczenko et al., 1997; Blaich et al., 2013; Mello et al., 2013) we note a
relative symmetry of the rift system since CDNF control the formation of
SDR on both sides of the conjugate volcanic margins (Fig. 2).

Amodel supporting both (i) the top-to-the-continent basal shear and
(ii) the existence of CDNF on each side of the rifted domain is also com-
patible with a gravitational collapse of a plume head-related topographic
bulge for the volcanic margins (Fig. 16c). For instance, Griffiths and
Campbell (1991) predict that the rise of a surface uplift around 400 km
to 600 km wide can be expected above a 500 km radius plume head.
We suggest that such a topography, in conjunctionwith the extension re-
sponsible for the opening of the Atlantic rift system could lead to a gravity
collapse of the bulge resulting in a top-to-the-continent shear sense on
each side of the rift. Lubrication of the base of the crust by intrusive and
underplated magmas could weaken the crust and favor its collapse.

Because of the development of CDNF the crustal blocks are tilted to-
ward the ocean. Later the rifted margin subsidence increases the dip.
The resulting dip of the pre- and syn-rift sediments deposited on mar-
gins controlled by CDNF hence presents higher absolute tilt values
than those deposited onmargins controlled by oceanward-dipping nor-
mal faults (Fig. 17). For the same reasons, the fault angle is lower on
CDNF margins than on oceanward-dipping normal faults margins. For
instance, on the CDNF-controlled margins of Southern Angola and
Gabon, we observe that the syn-rift sediments are tilted oceanward by
respectively 20° to 35° (Profile ANG1) and 18° to 30° (profile GA2). In
contrast, the syn-rift sediments of the Iberian margin, present lower
tilt values, circa 5° to 25° (determined after Manatschal, 2004).

4. Conclusion

As a first order key-point we put forward the important variability in
the geometry of the present-day rifted margins. Numerous structural pa-
rameters such as the length of themargin, the sediment thickness, the dip
direction of the normal faults, the abundance of syn-rift material, the
inherited thermal state of the lithosphere, and the extension rate during
rifting are extremely variable from a margin to another (Fig. 1). To
support this assertion and to investigate further the possiblemechanisms
responsible for that variability, we have presented a new set of high-res-
olution seismic reflection profiles from rifted margins of Uruguay, South-
ern Namibia, Gabon, South China Sea and Barents Sea. This dataset allows
us to highlight several tectonic features along these margins:

– Ductile deformation at the base of the crust is imaged on the margins
of Uruguay, Gabon and South China Sea. This ductile behavior of a
weak lower crust is attributed to an elevated thermal gradient possi-
bly related to (i) a blanketing effect of the syn-rift sediments
(Gabon); (ii) to an inherited high thermal gradient (collapsing arc,
South China Sea); or (iii) to a plume related thermal anomaly (Uru-
guay). The frequent weakness of the lower crust, already suggested
by earlier numerical models, is now confirmed and clearly imaged
by seismic reflection, which should lead to reconsidering models of
continental rifting.

– Tectonic boudinage of the continental crust plays an important role
during the structuration of the Gabon, Barents, and South China Sea
margins. This boudinage is another indication of the weakness of the
lower crust. It explains the periodicity of normal faults and the
focusing of deformation in the inter-boudin necks. It favors the
development of shallow-dipping crustal-scale shear zones and allow
for the nucleation of low-angle normal faults. Boudinage and low-
angle-normal faults are thus direct consequences of the rheological
heterogeneity of the crust and theweakness of the lower crust similar
to examples of post-orogenic extension such as the Basin andRange or
the Aegean.

– Continentward Dipping Normal Faults (CDNF), probably
underestimated until now, are frequent and can control the forma-
tion of an entire rifted margin (e.g., Southern Angola, Uruguay…).
At the scale of the entire rift (conjugate margins) the fault pattern
can be symmetrical, especially in the case of volcanic rifted margins
(Fig. 18a). In this case, CDNF are observed on either side, dipping
away from the rift centre. Depending on the case, we propose
three mechanisms for their formation: i) inversion of inherited
faults, that leads to asymmetric conjugate margins; ii) formation
above a basal shear possibly related to lithosphere-asthenosphere
relative motion, also leading to asymmetric conjugate margins
(Fig. 18b); iii) Syn-magmatic gravity collapse above a rising plume
head which, in this case, leads to symmetric conjugate volcanic mar-
gins (e.g. Uruguay-Namibia margins, Figs. 2 and 18a).

The observation and interpretation of high-quality and deep penetra-
tion seismic profiles in several locations leads to an unorthodox vision of
rifted margins where the lower crust is weak. Boudinage controls a large
part of the deformation and localization of low-angle normal faults, and
these normal faults often dip toward the continent (Fig. 18b). Whether
these margins are representative of a significant part of rifted margins
around the oceans is difficult to assess given the relatively small number
of analyzed profiles, but these profiles sample depths that have seldom
been imaged before with such details and thus they are the only window
we have so far on the behavior of the lower crust in extensional contexts.
At the very least, they show that the more classical upper/lower plate
asymmetrical models with normal faults dipping toward the ocean, and
which involve more resistant rheologies for the lower crust represent
merely one category of rifted margins, probably the “cold” ones. “Hot”
and hence ductile margins, whether volcanic or not, present a wider dis-
tributionof deformation, a lower taper angle, and the characteristics relat-
ed to a weak lower crust mentioned above (Fig. 18b), while “cold”
margins would show a more localized deformation, and a higher taper
angle.
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