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Abstract. Crustal geometries imaged at rifted margins show contrasted first-order morphologies (wide
and narrow, symmetric or asymmetric conjugates). This contribution aims to review the mechanisms
of continental lithospheric thinning and types of extensional structures that control the formation of
rifted margins. We illustrate, using a two-layer numerical model (one for the crust and one for the
mantle), how different modes of lithospheric thinning shape the end-member crustal geometries of
rifted margins depending on the initial thermal conditions and extension rates. As already known,
the activation of narrow or wide modes of lithospheric thinning depends on the rheological behaviour
of the lower crust and its efficiency as a decoupling layer. Morphologies generated by narrow litho-
spheric thinning modes compare well with Atlantic-type rifted margins (e.g., Iberia-Newfoundland)
while wide lithospheric thinning modes better apply to marginal seas characterized by higher initial
geothermal gradients (e.g., South China Sea). Finally, we also emphasize that continental lithosphere
thinning is depth-dependent, part of which is transient and cannot easily be measured in natural sys-
tems.

Keywords. Lithosphere thinning, Rifted margins, Depth dependent thinning.
Manuscript received 31 July 2023, accepted 25 March 2024.

1. Introduction rifted margins, as well as back-arc domains and post-

orogenic contexts [see review in Cloetingh et al.,
Continental lithospheric thinning is a fundamen-  2013]. Continental lithosphere thinning can be trig-
tal process of plate tectonics associated with the  gered by several mechanisms such as tectonic exten-
formation of sedimentary basins in various geody- sion, thermal thinning (active mantle upwelling), and

namic settings including intracontinental rifts and mantle lithosphere delamination and is, hence, not
limited to divergent settings. In this contribution,

we offer a synthetic review of some key conceptual
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models that shifted our understanding of the defor-
mation modes and mechanisms of continental litho-
sphere thinning.

The tectonic and thermal thinning of the con-
tinental lithosphere are recorded in passive mar-
gins during rifting associated with the necking and
breakup of the continental lithosphere. Lithospheric
necking is a mechanical shear instability that occurs
in extension [Braun and Beaumont, 1987, Brun, 1999,
Brun and Beslier, 1996, Schmalholz and Mancktelow,
2016, Chenin et al., 2018]. In multi-layered rhe-
ological systems like the continental lithosphere,
multiple levels of necking and associated isostatic
adjustments modulate its record in sedimentary
basins [Brun and Beslier, 1996, Cloetingh et al., 2013,
Duretz et al.,, 2016]. The thinning of the continental
lithosphere is achieved during lithospheric breakup,
during which continental extension evolves into the
localized accretion of oceanic lithosphere [Dewey
and Bird, 1970, Falvey, 1974, Heezen, 1960, McKen-
zie, 1978, Whitmarsh et al., 2001]. Rifted margins
have been and still are key natural laboratories to an-
swer fundamental questions related to continental
lithosphere thinning such as (1) where and how does
the continental lithosphere thin? (2) what are the
deformation modes and mechanisms of lithosphere
thinning?

First kinematic models implying uniform stretch-
ing and thinning of the lithosphere during tectonic
extension [e.g., McKenzie, 1978] have been chal-
lenged over the years by the improvement of seismic
imaging techniques and other geophysical quantita-
tive analyses in present-day rifted margins and the
study of field analogues in mountain belts.

The quantification of extension and thinning from
seismic data showed that the amount of extension
measured from observed normal faulting is signifi-
cantly less than that required to thin the whole crust
or lithosphere [Reston, 2007a, Kusznir and Karner,
2007, for reviews]. This so-called “extension dis-
crepancy”’ is now recognized in many rifted mar-
gins worldwide including the Iberia-Newfoundland
margins, South China Sea, or Woodlark Basin [e.g.,
Davis and Kusznir, 2004]. Several explanations have
been proposed to account for this extension discrep-
ancy [e.g., see reviews in Davis and Kusznir, 2004,
Reston, 2009]. One suggests that extension mea-
sured from normal faulting is largely underestimated
because of sequential [Ranero and Pérez-Gussinyé,

2010] or unrecognized multiphase faulting [e.g., Re-
ston, 2005, 2007a,b, Reston and McDermott, 2014].
Alternative explanations suggest that the extension
and thinning of the whole crust and lithosphere ex-
ceed that accommodated by the brittle upper crust
[Driscoll and Karner, 1998, Davis and Kusznir, 2004,
Kusznir et al., 2005]. This mechanism is referred to
as depth-dependent thinning (DDT) and implies that
the thinning of the continental lithosphere is parti-
tioned with depth.

The increasing acquisition of seismic surveys
imaging rifted margins showed their diverse struc-
tural style and crustal structure [Figure 1; e.g., Re-
ston, 2009, Clerc et al., 2018, Sapin et al., 2021]. This
variability is generally interpreted as the result of dif-
ferent modes of deformation during extension [e.g.,
narrow or wide rifts, Buck, 1991], controlled by the
initial conditions such as the geothermal gradient,
the rheological stratification, or structural inheri-
tance [e.g., Le Pourhiet et al., 2004, Duretz et al.,
2016, Davis and Lavier, 2017, Tetreault and Buiter,
2018], erosion and sedimentation [Burov and Poli-
akov, 2001] and variable melt emplacement during
rifting and breakup [e.g. White and McKenzie, 1989,
Lu and Huismans, 2022]. The recognition of intra-
crustal and intra-lithospheric deformation struc-
tures remains challenging solely based on seismic
data. Intra-basement reflectors are more and more
frequently imaged in seismic reflection data and
have convincingly been interpreted as extensional
intra-crustal shear zones [e.g., Fazlikhani et al., 2017,
Clerc et al., 2015]. However, seismic reflectors corre-
spond to the impedance contrasts related to varia-
tions in the physical properties of the rocks and their
interpretation in terms of lithologies or deformation
processes remains debatable.

Results from the (International) Ocean Drilling
Program (I)ODP and Deep Sea Drilling Program
(DSDP) combined to the study of onshore field ana-
logues in mountain belts have been a game changer
in the study of continental thinning mechanisms. On
the one hand, direct access to rocks recording the
deformation of the lithosphere showed the key role
of large offset normal faults (i.e., detachment faults)
and evidence for intra-crustal and intra-lithospheric
shear zones. On the other hand, ODP legs provided
evidence for subcontinental mantle exhumation in
so-called Continent-Ocean Transition (COT) zones
of the magma-poor Iberia-Newfoundland conjugate
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margins [Boillot et al., 1987, Sawyer et al., 1994, Whit-
marsh et al., 2001, Péron-Pinvidic et al., 2007, Welford
et al., 2010]. Similar evidence for sub-continental
mantle exhumation comes from the study of rem-
nants of rifted margins preserved in the Alps and in
the Pyrenees [Lemoine et al., 1987, Manatschal and
Nievergelt, 1997, Desmurs et al., 2001, Lagabrielle
and Bodinier, 2008, Jammes et al., 2009]. The pres-
ence of subcontinental mantle in the COT of so-
called magma-poor rifted margins attests their non-
uniform asynchronous extreme crustal and litho-
spheric mantle thinning.

These observations led to the development of an
array of conceptual models aiming to explain conti-
nental lithosphere thinning mechanisms in rifts and
rifted margins that are summarized hereafter. After
an overview of the contrasted crustal geometries of
rifted margins imaged by geophysical methods, we
present a review of the main extensional structures
identified in rifts and rifted margins. We then pro-
pose a thematic and historical perspective of the dif-
ferent mechanisms and deformation modes of con-
tinental lithosphere thinning. Finally, we illustrate
how these deformation modes depend on different
geotherms and extension rates using a set of simple
numerical simulations of lithospheric extension. Re-
sults of these numerical simulations are then com-
pared to natural examples, if they exist.

More generally, this review emphasizes the vari-
ability and complementarity in time and space of
continental lithosphere thinning mechanisms during
extension and their influence on the morphology of
rifted margins.

2. Where does the continental lithosphere
thin?

Continental rifted margins, in contrast to rift sys-
tems, record the complete thinning of the conti-
nental lithosphere and its rupture leading to stable
oceanic lithosphere accretion. Thereby, they rep-
resent unique natural laboratories where the final
product of continental lithosphere extension can be
observed. Although the crustal structure of rifted
margins can now be imaged at high resolution by
geophysical methods (Figure 1) (e.g., seismic reflec-
tion and refraction, or gravity and magnetic mod-
elling), their continental breakup occurred millions

of years ago, and they started recording or recorded
post-rift lithosphere thermal cooling.

2.1. Crustal structure of rifted continental mar-
gins

Compilations of seismic images and geophysical
models show the variable morphology of rifted mar-
gins (Figure 1) [e.g., Reston, 2009, Clerc et al., 2018,
Sapin et al., 2021]. This diversity is commonly inter-
preted as the result of different modes of extension
operating in the heterogeneous continental litho-
sphere. Thereby, the different width of rifted mar-
gins is commonly interpreted as the result of dras-
tically different rheological layering of the continen-
tal lithosphere [Buck, 1991, Hopper and Buck, 1996,
Huismans and Beaumont, 2011, Pérez-Gussinyé and
Reston, 2001]. Narrow rifts are commonly inter-
preted as resulting from the necking of strong lay-
ers while the presence of weak lower crust favours
lower crustal flow and de/re-localization of the de-
formation [Buck, 1991]. Contrasted crustal geome-
tries are observed between rifted margin examples
but also between conjugate profiles (Figure 1). Quan-
tifications of crustal and lithosphere thinning mech-
anisms are therefore even more revealing if they are
derived from the analysis of conjugate rifted mar-
gin profiles. For this reason, in our compilation, we
present conjugate sets of passive margin examples
derived from seismic refraction and gravity datasets
(Figure 1).

The crustal structure of rifted margins (Figure 1)
is shaped by thinning mechanisms during extension,
but also depends on the volumes of magma em-
placed before, during and after the breakup. The
inferred amount of magmatism and its timing of
emplacement and extrusion relative to crustal thin-
ning have therefore been used to characterize passive
margin morphologies [White and McKenzie, 1989,
Tugend et al., 2020]. In the case of so-called magma-
rich rifted margins (also referred to as volcanic mar-
gins) where large volumes of magmatic rocks intrude
the continental lithosphere and/or where an early
onset of magmatism occurs relative to continental
crustal thinning [Tugend et al., 2020], the imaged
crustal structure does not only result from thinning
processes (Figure la/b). Hence, although magma-
rich rifted margins also record lithosphere thinning,
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the mechanisms at play and quantifications of conti-
nental lithosphere thinning cannot always easily be
investigated and are debated [e.g., Eldholm et al.,
1995, Geoffroy et al., 2015]. Rifted margins that
record extreme crustal thinning to 15-10 km thick
or less prior to melt extraction [i.e., magma-poor
rifted margins, Reston, 2009, Tugend et al., 2020; mar-
ginal basins, Larsen et al., 2018, Mohn et al., 2022]
appear like the best examples to study and quan-
tify lithosphere thinning mechanisms during rift-
ing (Figure 1c-t). In such examples, the observed
crustal structure more straightforwardly depends on
the extensional deformation modes operating during
rifting and breakup. Many passive margins record
polyphase rifting events prior to breakup as a re-
sult of distinct periods of extension, each one possi-
bly having a different direction of extension [Bellah-
sen et al., 2006, Leroy et al., 2012, Frizon de Lamotte
et al., 2015]. In such cases, quantification of thinning
mechanisms from rifted margin crustal structure can
only be done if the amount of extension from each
phase can be analyzed.

2.2. Domains of crustal thinning

Despite the obvious diversity of rifted margin geome-
tries [Reston, 2009, Clerc et al., 2018, Sapin et al.,
2021] (Figure 1) similar crustal domains can usually
be identified corresponding to different magnitudes
of crustal thinning (Figure 1).

Onset of significant crustal thinning from a ~35-
30 km thick crust (i.e., pre-rift continental crust thick-
nesses) to aless than ~15-10 km thick crust is marked
by a deepening of the top basement and rise of the
Moho that shape a necking of the continental crust
[Thinon et al., 2003, Osmundsen and Ebbing, 2008,
Mohn et al., 2012, Peron-Pinvidic et al., 2013, Tugend
et al., 2015, Nonn et al., 2017]. The crustal geometry
of so-called necking zones or necking domains hence
contrasts with the roughly parallel geometry of the
top basement and Moho observed in proximal do-
mains where only a little crustal thinning occurs. On-
set of the deepening of the top basement and rise of
the Moho may be spatially offset (e.g., Figure 11/p/r),
in which case, the complete length of the necking do-
main [i.e., taper length in Osmundsen and Redfield,
2011] is defined with uncertainties and can be under-
estimated.

Necking domains commonly extend over dis-
tances ranging from ~25 km (i.e., Porcupine basin,

Figure 1c) to ~100 km (i.e., Moroccan rifted margin,
Figure 11; Rockall basin, Figure 1d) defining a
relatively abrupt crustal neck [Mohn et al., 2012].
Crustal thinning can be more progressive or associ-
ated with a pinch-and-swell crustal structure of the
rifted margin, also resulting in wider (up to ~200 km
and in some cases more than 300 km wide) loosely
defined necking domains (e.g., Galicia margin, Fig-
ure 1h; South China Sea rifted margins, Figure 1m-o;
Alarcon segment of the Gulf of California, Figure 1q).
The geometry of passive margin necking zones is
thus extremely variable (Figure 1). Their style may
vary along strike [e.g., Gulf of California rifted mar-
gins: Figure 1p-r; Norwegian margin: Osmundsen
and Redfield, 2011]. Conjugate rifted margins and
basins can have relatively symmetric (Figure 1d/ij)
or largely asymmetric crustal necks [e.g., Figure 1c/g—
h/s-t; Parentis basin: Tugend et al., 2015].

Most of the rifted margin crustal thinning is ac-
commodated in necking zones. However, many
passive continental margins undergo a final crustal
thinning (from ~10 km thick crust to 0) prior to
oceanic lithosphere accretion, in usually loosely
defined continent-ocean-transitions (COT). COT,
where defined, are characterized by severely thinned
continental crust (less than 15-10 km thick) that can
be associated to windows of exhumed lithospheric
mantle in-between the necking and oceanic domain
(Figure 1). Domains of hyper-thinned continental
crust [Tugend et al., 2014, 2015], also referred to as
the neck area [Thinon et al., 2003], hyper-extended
[Peron-Pinvidic et al., 2013] or coupled domain [Su-
tra et al., 2013] show a relatively parallel top base-
ment and Moho geometry that progressively con-
verges seaward to form a continental crustal wedge
(Figure 1). Exhumed mantle domains are not sys-
tematically observed, in which case hyper-thinned
crust is found adjacent to the oceanic crust in a sharp
transition [e.g., Nirrengarten et al., 2020, Mohn et al.,
2022] (Figure 1m/n/o/p/q). Evidence for exhumed
mantle domains is usually indirectly constrained
from geophysical criteria, in the absence of drilled or
dredged mantle rocks as part of the top basement as
recovered in the Iberia-Newfoundland [Boillot et al.,
1980, 1987, Sawyer et al., 1994] or East Antarctica
margins [McCarthy et al., 2020].

The width of COT shown by our compilation is
variable (from ~20 km to ~250 km) [see also Chenin
et al., 2017]. Where hyper-thinned or exhumed
mantle domains can be distinguished, this diversity
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seems mostly related to the variable width of the
inferred exhumed mantle domain, while the width
of the hyper-thinned domain is commonly narrow
(~25-50 km wide) and rarely reaches ~100 km wide
[Figure 1k/i/r; Gabon rifted margin: Clerc et al.,
2018]. It is worth noting that the width of hyper-
thinned and exhumed mantle domains and more
generally of COT is not necessarily comparable be-
tween conjugate profiles, except perhaps in the case
of marginal sea basins examples like the South China
Sea (Figure 1m/n/o) or Guaymas and Alarcon seg-
ments of the Gulf of California (Figure 1p/q).

3. How does the continental lithosphere thin?

The diverse morphologies of rift basins and rifted
margins (Figure 1) suggest that different deformation
modes and mechanisms can operate to thin the con-
tinental lithosphere generating different geometries
of extensional structures. By analysing the crustal
structure imaged by geophysical methods (Figure 1)
and exposed rift-related structures onshore, it is pos-
sible to quantify continental crustal thinning from
the continent to the ocean and the role of the differ-
ent types of extensional structures in accommodat-
ing lithosphere thinning.

3.1. Extensional structures in rifted margins

The thinning of the continental lithosphere is accom-
modated by an array of extensional structures with
various geometries, active at different depths and pe-
riods of the rift evolution as well as rheological con-
ditions. The recognition of extensional structures
in present-day rifted margins is usually limited to
those accommodating brittle deformation of the up-
per crust. Intra-basement reflectors are now also fre-
quently identified thanks to the increasingly higher
resolution of seismic reflection imaging techniques.
Although convincing, their interpretation as exten-
sional intra-crustal shear zones [e.g., Fazlikhani et al.,
2017, Clerc et al., 2015] or in terms of lithologies or
deformation process remains debatable. To lift these
ambiguities, it is critical to complement these indi-
rect observations with field observations either in on-
shore extensional systems [Jolivet et al., 2010, Fos-
sen, 2010] or in fossil remnants preserved in oro-
genic systems [Handy and Zingg, 1991, Bissig and
Hermann, 1999, Mohn et al., 2012, Petri et al., 2019].
In the latter case, the identification and description

of extensional structures rely on our capability to
distinguish pre-orogenic (rift-related) from younger
orogenic structures [Tugend et al., 2015, Mohn et al.,
2022].

3.1.1. High and low-angle normal faults

Brittle extensional deformation of the uppermost
basement is commonly accommodated by high-
angle normal faults which control the formation of
classical rift basins like horst and graben or half-
graben in extensional settings. These extensional
structures show either planar or listric geometries
and are associated or not with block rotation. Each
fault only accommodates a limited amount of litho-
sphere thinning. It should, however, be noted that
many faults may be below the resolution of seismic
imaging and hence accommodate more extension
than that imaged in tilted blocks a situation referred
to as distributed or subseismic faulting [Marrett and
Allmendinger, 1992].

Nowadays, an increasing number of studies high-
lights the importance of low-angle normal faults
(apparent dip <30-45°) in accommodating exten-
sional deformation. Also often referred to as long
offset normal faults [Brady et al., 2000], extensional
detachments [Lister et al., 1986] or top basement
detachment faults [Holker et al., 2003], they can
accommodate large displacements (>10s of kilo-
metres) and exhume deep basement rocks in their
footwall [Wernicke, 1981, Gautier et al., 1993, Jolivet
et al., 2010, Whitney et al., 2013, Tugend et al., 2015].
Observations of low-angle normal faults active at
<30° have triggered numerous debates. Their fault
dip is lower than the 45-60° dip of normal faults
predicted by fault mechanics [Anderson, 1951, see
the review of Collettini, 2011]. For a long time, these
structures were thought to result from the passive
rotation of former high-angle normal faults that be-
come inactive once their dip becomes significantly
low (<30°). This rolling hinge model, notably pro-
posed by Buck [1988], or Wernicke and Axen [1988]
based on field evidence, has been successfully mod-
elled [Brun et al., 1994, Lavier et al., 1999]. However,
the existence of low-angle active normal faults in the
Gulf of Corinth [Rigo et al., 1996] or in the Wood-
lark basin [Abers, 2001] remains enigmatic. Several
hypotheses have been proposed to explain normal
faults active and even formed at a low-angle includ-
ing, stress rotation [Melosh, 1990], phyllosilicate
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formation at the brittle-ductile transition [Gueydan
et al., 2001], the reactivation of dipping lithologi-
cal heterogeneities in a nappe stack [Le Pourhiet
et al.,, 2004, Huet et al.,, 2011b] or their neoformation
formation under a compaction regime [Lecomte
etal., 2011, 2012].

Both models for the formation of low-angle nor-
mal faults (i.e., rolling hinge vs. detachment) are
supported by observations in rifts and rifted margins
but their involvement in accommodating continen-
tal lithosphere thinning may differ from one exten-
sional system to the other. The formation of neck-
ing zones (Figure 1) has been associated with the de-
velopment of long-offset low-angle normal faults, ex-
humation of continental basement and crustal thin-
ning in many rifted margin examples [e.g., Osmund-
sen and Ebbing, 2008, Mohn et al., 2012, Tugend
et al., 2015, Gresseth et al., 2023]. Top basement
detachment faults are also commonly described in
magma-poor COTs of rifted margins, where they
are associated with the exhumation of lower crustal
rocks and lithospheric mantle, after complete em-
brittlement of the continental crust [Pérez-Gussinyé
and Reston, 2001]. The presence of such structures
is confirmed by IODP drilling results in the Iberia-
Newfoundland margins [Manatschal et al., 2001] and
from field observations in the Alps [Lemoine et al.,
1987, Froitzheim and Eberli, 1990, Manatschal, 2004]
or Pyrenees [Jammes et al., 2009, Lagabrielle et al.,
2019]. In marginal seas, low-angle normal faults
commonly form core complex geometries associated
with the exhumation of deep crustal rocks and em-
placement of syn-kinematic magmatism [Woodlark
Basin and Papua New Guinea: Abers, 2001; Thai-
land: Morley, 2014; South China Sea: Deng et al.,
2020]. They are not necessarily associated with local-
ized crustal thinning, in which case they are observed
in diffuse necking zones (South China Sea rifted mar-
gin, Figure 1m/n/o). Normal faults active at low an-
gle are also present in COTs of marginal seas where
they have been shown to control the latest stage of
continental breakup [Mohn et al., 2022; Woodlark
Basin: Taylor and Huchon, 2002]. The geodynamic
setting of marginal seas, including a high geother-
mal gradient, fast extension rate, and numerous in-
herited thrust faults seems to favour the formation of
low-angle normal faults in the continental basement
[Mohn et al., 2022]. Specifically, the occurrence of
former nappe stacks may enhance the development

of such structures [Le Pourhiet et al., 2004, Huet et al.,
2011b].

3.1.2. Ductile extensional shear zones

In contrast, the identification and interpretation
of extensional structures accommodating continen-
tal lithosphere thinning at depth remain more prob-
lematic. Despite the increasing resolution of seis-
mic reflection images, such structures are not easily
observed, and their interpretation remains ambigu-
ous. Below the brittle upper crust, extensional de-
formation has been interpreted as accommodated by
ductile deformation, possibly associated with lower
crustal flow [Buck, 1991] or localized along sets of
extensional shear zones [Reston, 1988, Brun and
Beslier, 1996, Huet et al., 2011a,b].

Extensional shear zones in the crust and the man-
tle that localize strain during continental lithosphere
thinning have been identified and described in sev-
eral fossil rifted margins sampled in mountain belts
such as the Alps [Bissig and Hermann, 1999, Mohn
et al,, 2012, Kaczmarek and Miintener, 2008], Pyre-
nees [Aumar et al., 2022, Odlum et al., 2019], and the
Betic-Rif belt [Gueydan et al., 2015, Frasca et al., 2016,
Bessiére et al., 2021]. Field observations show high-
to low-angle ductile shear zones active in amphibo-
lite to greenschist facies conditions accommodating
the exhumation and juxtaposition of different levels
of the continental lithosphere [Bissig and Hermann,
1999, Mohn et al., 2012, Frasca et al., 2016, Petri et al.,
2019]. Some of these shear zones show low- to high-
angle dips while others are sub-horizontal and are
therefore interpreted as décollements. This associ-
ation of low- to high-angle dipping shear zones and
sub-horizontal décollements can lead to a heteroge-
neous thinning. This can result in the omission of
specific layers of the continental lithosphere and jux-
taposition of the upper crust against serpentinized
mantle or lower crust for example [Frasca et al., 2016,
Petrietal., 2019]. Such a process has been interpreted
by Petri et al. [2019] as related to extraction tecton-
ics that accommodate the thinning of continental
lithosphere from the necking to the hyper-thinned
domain.

Extensional mantle shear zones have also been
identified in the upper mantle in former COTs pre-
served in the Alps [Lanzo massif: Kaczmarek and
Miintener, 2008, Kaczmarek and Tommasi, 2011] or
the Betic-Rif belt [Ronda or Beni Bousera massifs:



Julie Tugend et al. 9

Afirietal., 2011, Précigout et al., 2013, Gueydan et al.,
2015]. These shear zones have been compared to
possible analogous structures observed on seismic
reflection data in present-day rifted margins [Gillard
et al., 2019]. Field observations from these COTs
report large scale, high-strain mantle shear zones
that initiated at high temperature (approximately
1000 °C) and are interpreted to be active during the
final rifting phase. These shear zones, as shown in
the case of the Lanzo massif, can act as a permeabil-
ity barrier below which mafic magma preferentially
crystallize [Kaczmarek and Miintener, 2008].

3.2. Measuring continental lithosphere thinning

Spatial variations of the crust and lithosphere thick-
nesses define the geometry of rift basins and conju-
gate rifted margins and indicate how much stretching
and thinning has been accommodated in the conti-
nental lithosphere during rifting. Strain can be mea-
sured from variations of rifted margin crustal struc-
ture in terms of a stretching () or thinning factor (y)
at the scale of the upper crust, whole crust, or whole
lithosphere using different methods [see review in
Davis and Kusznir, 2004].

The stretching factor can be measured in terms of
horizontal extension (initial length is Iy and length
after extension is /):

1
o

The stretching factor can also commonly be de-
fined as the ratio of the initial thickness of a layer
(Tp) to the present-day thickness of that layer (Tyow)-
Lithospheric thinning will eventually trigger decom-
pression melting, resulting in the emplacement of
magmatic additions and crustal thickening. If Ty, is
the thickness of magmatic additions resulting from
decompression melting, the stretching factor can be
calculated as: .

Cal —
now ma

The thinning factor is directly related to the
stretching factor. It ranges from 0 (no thinning or
extension) to 1 (infinite § value, i.e., complete thin-
ning) and is often more convenient to represent
graphically.

Y=1—B

The amount of brittle extension accommodated
by the upper crust can be determined by measur-
ing the horizontal displacement of faults interpreted
in seismic profiles (fault heave summation method).
Using this method, it is important to recognize low-
angle top basement normal faults in seismic data
to determine accurately the stretching factor de-
rived from fault heave summation as pointed out by
Gomez-Romeu et al. [2020]. Stretching and thin-
ning factors for the whole crust can be determined
if the crustal geometry down to the Moho can be
imaged or modelled; the initial crustal thickness re-
quired in the calculation is typically inferred from ad-
jacent unthinned regions. The magnitude of litho-
spheric thinning cannot be directly measured from
the present-day lithosphere structure of passive mar-
gins as they at least partly recorded post-rift “ther-
mal” subsidence [McKenzie, 1978]. Post-rift thermal
subsidence as recorded in the stratigraphy of rifted
margins can, however, be modelled in reverse to
determine the whole lithosphere stretching or thin-
ning following the method described in Roberts et al.
[1998]. The calculation of these equivalent whole
lithosphere stretching or thinning factors, however,
assume that uniform stretching and thinning oc-
curred [Davis and Kusznir, 2004].

3.3. Mechanisms and deformation modes of con-
tinental lithosphere thinning

Different conceptual models have been proposed to
explain how the continental lithosphere thins during
extension depending on the geometry of rift basins
and type of extensional structures (Figure 2). They
are either based on field observations [e.g., Wernicke
and Axen, 1988, Lemoine et al., 1987, Manatschal,
2004, Mohn et al., 2012]; geophysical data [Reston,
1988, 2007a,b, Driscoll and Karner, 1998, Ranero and
Pérez-Gussinyé, 2010], or analogue and numerical
simulations [McKenzie, 1978, Brun and Beslier, 1996,
Burov and Poliakov, 2001, Nagel and Buck, 2007,
Lavier and Manatschal, 2006, Huismans and Beau-
mont, 2011].

Different mechanisms and deformation modes
have been defined based on the initial conditions
of the continental lithosphere, including crustal and
lithospheric thickness, lithological or thermal struc-
ture, and structural inheritance [e.g., Ruppel, 1995].
Consequently, these mechanisms are dependent on
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Figure 2. Review of the main deformation modes and mechanisms of continental lithosphere thinning.
(A) Uniform pure shear model [after McKenzie, 1978]; (B) Simple shear model [after Wernicke, 1995];
(C) Boudinage [upper crust after Clerc and Lagabrielle, 2014, lower crust after Reston, 1988; mantle af-
ter Brun and Beslier, 1996]; (D) Extraction [after Mohn et al., 2012]; (E) Lower crustal flow; (F) Polyphase
faulting [after Reston, 2009]; (G) Sequential faulting [after Ranero and Pérez-Gussinyé, 2010]; (H) Up-
welling divergent flow [after Kusznir and Karner, 2007]; (I) Active mantle upwelling [after Huismans et al.,

2001].

the initial lithospheric rheological stratification. Be-
cause lithosphere rheology may evolve during rift-
ing [Pérez-Gussinyé and Reston, 2001], a deforma-
tion mode can be activated during early or later rift-
ing stages only and different thinning mechanisms
can operate at different levels of the lithosphere.

3.3.1. Uniform continental lithosphere thinning

The first models assumed that the entire conti-
nental lithosphere is thinned by uniform pure shear
extensional deformation (Figure 2A). This mecha-
nism and its consequences for the thermal and
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subsidence evolution of sedimentary basins were
first quantified by McKenzie [1978]. The pure shear
deformation model supposes a homogeneous thin-
ning of the continental lithosphere by a stretching
factor (B, see Section 3.2 for calculation methods).
Instantaneous stretching and thinning of the conti-
nental lithosphere create space into which the as-
thenosphere passively rises. Crustal thinning results
in subsidence while the passive rise of the astheno-
sphere generates a thermal uplift, the resultant of
both effects being referred to as initial subsidence or
tectonic subsidence. After thinning, the thermal per-
turbation of the lithosphere is predicted to cool con-
ductively with time generating a slower phase of sub-
sidence, the so-called thermal subsidence. It should
be noted that in the initial uniform pure shear model
of McKenzie [1978], the lithosphere is assumed to de-
form as a continuum rather than by faulting.

Despite its simplicity, the formulation of the pure
shear model of McKenzie [1978] has been extensively
applied to successfully predict the subsidence or heat
flow evolution of intracontinental rift basins [e.g., the
Gulf of Suez: Steckler et al., 1988; the Kenya Rift and
the North Sea: Kusznir et al., 1995; the Jeanne d’Arc
Basin: Kusznir, 1991]. This model is, however, unable
to predict some of the observations made at distal
rifted margins, including the presence of domains
of exhumed mantle in some COT (Figure 1). As a
result, its applicability to rifted margins recording an
extreme thinning of the continental lithosphere has
been widely discussed [see Davis and Kusznir, 2004,
Kusznir and Karner, 2007, for reviews].

3.3.2. Depth Dependent continental
Thinning (DDT)

lithosphere

Extension and thinning have been measured ex-
tensively on the scale of the lithosphere, of the whole
crust and of the upper crust (from fault heave sum-
mation) in many rifted margins worldwide [see re-
view in Davis and Kusznir, 2004]. The results showed
that the amount of extension that could be measured
from brittle faulting in the upper crust was by far in-
sufficient to balance the amount of thinning deduced
at the scale of the whole crust or lithosphere [Davis
and Kusznir, 2004, Reston, 2007a]. One explanation
invoked for this identified “extension discrepancy”
is that the thinning of the continental lithosphere is
depth dependent: the different levels of the litho-
sphere (upper/lower crust and mantle) record differ-

ent magnitudes of thinning in space and time [see
Reston, 2007a,b, Davis and Kusznir, 2004, Kusznir
and Karner, 2007, Huismans and Beaumont, 2014,
for reviews]. The concept of depth-dependent litho-
sphere stretching or depth-dependent lithosphere
thinning (DDT) has been introduced in the 80s based
on offshore [Eastern Canada margin, Royden and
Keen, 1980] and onshore [Basin and Range, Wernicke,
1995] case studies. Over the past decades, numerous
models involving DDT of the lithosphere have been
proposed based on offshore and/or onshore datasets.

Non-uniform (decoupled) pure shear. The non-
uniform pure shear model has initially been devel-
oped as an attempt to explain that quantifications
of thermal subsidence were greater than predic-
tions derived from crustal thinning only [Royden and
Keen, 1980]. The non-uniform pure-shear defor-
mation model is a variation of the McKenzie [1978]
pure shear model, which incorporates the possibility
of depth-dependent extension or thinning [Royden
and Keen, 1980]. The non-uniform pure shear model
considers that the lithosphere is constituted of layers
with distinct mechanical behaviours that will not de-
form homogeneously under stress [e.g., Royden and
Keen, 1980, Sclater and Christie, 1980]. As a result,
different amounts of thinning are recorded above
and below a decoupling horizon separating the brit-
tle crust from ductile mantle; subsidence depends
on the relative magnitude of thinning recorded by
the two layers [Royden and Keen, 1980]. Despite its
value to explain observations, this model implies that
different amounts of extension are accommodated
in the crust and mantle, which creates a problem to
balance extension in 2D if the volume of mantle melt
production is not considered [Royden and Keen,
1980].

Simple shear deformation model. An end-member
of DDT is the simple-shear lithosphere extensional
model [e.g., Wernicke, 1995, Wernicke and Axen,
1988, Lister et al., 1991] involving the activity of a
major low-angle normal fault (i.e., detachment fault)
cutting across the entire continental lithosphere (Fig-
ure 2B). This structure will produce two asymmet-
ric margins with an upper and a lower plate. Exten-
sional deformation will be nonuniformly distributed
across the future rifted margins with a lateral shift be-
tween the location of extreme continental crust and
lithospheric mantle thinning. This has implications
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for both syn- and post-rift subsidence evolution be-
tween the upper and lower plates. However, the
identification of upper and lower plates based on
their subsidence evolution in mature systems has
proven to be problematic due to important lower
crust ductile extension and unrecognized normal
faulting. Such a situation was referred to as the “up-
per plate paradox” by Driscoll and Karner [1998], im-
plying that both margins appear as upper plates from
their subsidence.

The simple-shear deformation model was invoked
to explain the formation of several rifted margins
such as the North Biscay margin [Le Pichon and Bar-
bier, 1987] or the Alpine Tethys ones [Lemoine et al.,
1987]. However, the original model implied that a
low-angle normal fault can cut through the whole
lithosphere, a situation that is plausible under ex-
treme rheological conditions. The simple-shear de-
formation is commonly suggested to control the for-
mation of some rifted margins but during the latest
stage of rifting, once the crust is significantly thinned
and embrittled [Pérez-Gussinyé and Reston, 2001,
Manatschal et al., 2001].

Boudinage. The mechanical layering of the conti-
nental lithosphere is now commonly represented by
at least four layers alternating strong (brittle) and
weak (ductile) behaviours [Brun and Beslier, 1996].
Thinning of multi-layered lithosphere is not accom-
modated by either pure- or simple-shear deforma-
tion and generates a complex and heterogenous
strain pattern.

Extension of a mechanically layered lithosphere
triggers structural instabilities and softening accom-
modated by localized necking and boudinage of
strong layers (Figure 2C/D) [Brun and Beslier, 1996,
Mohn et al., 2012, Duretz et al., 2016, Clerc et al.,
2018]. The disruption of competent layers is accom-
modated by shear zones acting as décollements in
weak layers. Boudinage was initially inferred to oc-
cur in the deeper parts of the crust [Reston, 1988]
and/or in the upper mantle [e.g., Brun and Beslier,
1996]. Boudinage of the upper crust was also sug-
gested in examples inferred to have high thermal gra-
dients and involving thick sedimentary layers [Clerc
etal., 2018] or sediment/basement decoupling along
salt layer [Clerc and Lagabrielle, 2014].

Extraction tectonics. In addition to the boudinage of
strong layers, recent studies also highlighted the ef-

ficient role of extraction tectonics in accommodat-
ing continental lithosphere thinning based on field
evidence and numerical simulations [Mohn et al.,
2012, Duretz et al., 2016, Petri et al., 2019]. Extraction
mechanisms occur in relation to the necking of com-
petent layers. The necking or boudinage of strong
layers results from strain localization along conju-
gate shear zones with opposite senses of displace-
ment. With extension, strong layers will be coher-
ently disrupted leaving behind an extraction fault or
shear zone where most of the strain accumulated.

Extraction mechanisms appear critical during the
necking of the heterogeneous lithosphere (Figure 1).
Necking of the lithosphere results from the activity of
conjugate large-offset normal faults interacting with
anastomosing shear zones acting as décollement lev-
els at mid-crustal levels or deeper (Figure 2D) [Mohn
et al.,, 2012, Duretz et al., 2016, Petri et al., 2019].
During extension, weak ductile layers localize most
of the deformation, resulting in vertical ductile thin-
ning. Meanwhile, strong levels are laterally extracted
towards the rift axis, forming the distal domains of
rifted margins. As a result, distal domains predomi-
nantly retain strong levels and may preserve variable
basement composition after extraction tectonics, de-
pending on the initial heterogeneities [Petri et al.,
2019].

DDT: the key role of the behaviour of the lower
crust. At first order, the lower continental crust cor-
responds to the 10-17 km thick layer above the
Moho. Although heterogenous and including vari-
ous lithologies (felsic and/or mafic), it is often con-
sidered as a simple and uniform layer whose be-
haviour varies from strong, brittle or highly viscous
[Jamtveit et al., 2016], to weakly viscous, in which
case it can flow [Buck, 1991] and form a “channel
flow” [Block and Royden, 1990, Huismans and Beau-
mont, 2011, Brune et al., 2014]. Geological models
for the lower crust during rifting can be divided into
two members depending on the non-flowing or flow-
ing behaviour of the lower crust. The behaviour of
the lower crust is directly related to the initial pa-
rameters of the rift system (e.g., thermal state, var-
ious inheritance) and can evolve during the devel-
opment of extension through rheological softening
mechanisms (temperature increase, occurrence of
fluid/melt, grain size reduction along deformation
zones).
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On the one hand, the extension of the non-flowing
lower crust is interpreted as being accommodated
by a series of distributed shear zones. This mode
of deformation was recognized on several reflection
seismic profiles [Reston, 1988, Clerc et al., 2015],
where reflective bands showing sigmoidal geome-
tries were interpreted as localized shear zones ac-
commodating lower crustal boudinage (Figure 2C).
Additionally, it was confirmed through field observa-
tions in the Southern Alps, which preserve a section
of lower crust from the former Jurassic Adriatic mar-
gin [Handy and Zingg, 1991, Mohn et al., 2012, Petri
etal., 2019, Simonetti et al., 2021]. There, several syn-
rift Jurassic shear zones delimit sections of Paleozoic
basement unaffected by rift-related deformation.

On the other hand, several studies have empha-
sized the importance of lower crustal flow during ex-
tension [e.g., Block and Royden, 1990, Buck, 1991,
Hopper and Buck, 1996, Huismans and Beaumont,
2011, Huet et al., 2011a, Brune et al., 2014]. Crustal
thickness variations during thinning generate hori-
zontal pressure gradients at the base of the crust.
These pressure gradients can drive ductile lower
crust, if its viscosity is sufficiently low, to flow into
areas of localized upper crustal thinning (Figure 2D)
[e.g., Artyushkov, 1973]. This mode of deformation
initially referred to as the core complex mode by Buck
[1991] involves a very weak lower crust so that the
strain in the lower crust remains homogeneously dis-
tributed over a broad area. [Buck, 1991, Hopper and
Buck, 1996]. Lower crustal flow is a mechanism com-
monly associated with the formation of metamor-
phic core complexes in post-orogenic settings [Whit-
ney et al., 2013, and reference therein] or marginal
basins [Gulf of Lion: Jolivet et al., 2015; South China:
Deng et al., 2020] both of which are characterized by
high-geothermal conditions.

3.3.3. Extensional faulting

Sequential faulting. Sequential faulting has been
proposed as a solution to explain the extension dis-
crepancy and asymmetry observed at some rifted
margins (Figure 2E) [Ranero and Pérez-Gussinyé,
2010]. This deformation model is derived from ob-
servations in Iberia-Newfoundland rifted margins
and suggests that crustal thinning is controlled by
the activity of Andersonian-type extensional faults
[Anderson, 1951]. Each fault locks after a rotation
to >30° and is replaced by a new one formed in the

hanging wall of the locked fault. Consequently, each
new fault forms in a previously thinned hanging
wall, explaining why total crustal thinning exceeds
that predicted by faulting at the same location, thus
creating an apparent extension discrepancy.

Polyphase faulting. Alternative explanations for the
“extensional discrepancy” observed at rifted mar-
gins suggest that the amount of extension measured
from upper crustal brittle faulting is largely under-
estimated in seismic interpretations. Extension may
notably go undetermined because of complex cross-
cutting relationships generated by polyphase faulting
[Figure 2E Reston, 2005, 2007a,b, 2009, Reston and
McDermott, 2014]. This mechanism, derived from
observations from the Iberia-Newfoundland rifted
margins and introduced by Reston [2005] aims to ex-
plain the latest stages of thinning once the continen-
tal crust has become embrittled. Polyphase fault-
ing contrasts with the sequential faulting mechanism
and does not imply a migration, but rather a focusing
of extensional deformation at the location of the fu-
ture continental breakup. This mechanism implies
successive phases of faulting: a first generation of
fault forms, rotates to low angle and locks; then an-
other generation of fault forms, cuts through the pre-
vious one, and so on. Complex fault intersections
could then be generated and be difficult to identify
on seismic profiles [Reston, 2005, 2007a,b, 2009, Re-
ston and McDermott, 2014, Naliboff et al., 2017].

3.3.4. Active upwelling

Mantle dynamics can also play an active role dur-
ing continental lithosphere thinning, which is often
triggered by flow instabilities induced by viscosity
contrasts, thermal and melt buoyancy forces (Fig-
ure 2H/I). The degree of active upwelling or buoyancy
can be quantified by the ratio between extension
(Vx) and axial upwelling rates (Vz) [Batchelor, 1967,
Braun et al., 2000] as defined in the upwelling diver-
gent flow model (Figure 2H) [Davis and Kusznir, 2004,
Kusznir and Karner, 2007]. Upwelling divergent flow
may be focused on the lower lithosphere, generating
small-scale convection that contribute to thinning
the mantle lithosphere (Figure 2I) [Huismans et al.,
2001].  Dynamic models predict that small-scale
convection in the mantle lithosphere can arise in the
latest stages of rifting, inducing a transition from pas-
sive to active mantle upwelling [Huismans et al.,
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2001]. Thermal anomalies in the mantle are partic-
ularly prone to triggering diapiric instabilities and
small-scale convection in the asthenosphere [Nielsen
and Hopper, 2004]. However, active upwelling is also
aviable deformation mode in the absence of anoma-
lously hot mantle [Davis and Kusznir, 2004, Kusznir
and Karner, 2007, Fletcher et al., 2009, Jeanniot et al.,
2016].

4. What are the parameters controlling the
modes of continental lithosphere thinning?

Various mechanisms and deformation modes can
operate to thin the continental lithosphere (Figure 2).
Nevertheless, whether a deformation mode is acti-
vated or inhibited in lithospheric layers largely de-
pends on the initial rheology and its evolution dur-
ing rifting [Buck, 1991, Gueydan et al., 2008, Huis-
mans and Beaumont, 2003, 2007, 2011, Huismans
et al., 2005, Lavier and Buck, 2002]. Previous nu-
merical studies have notably explored the role of
parameters such as lithospheric strength and ther-
mal structure, crustal thickness, structural inheri-
tance or brittle—-ductile mechanisms and extension
rates on the modes of extension during rifting [Beau-
mont and Ings, 2012, Brune et al., 2014, 2017, Buck,
1991, Buck et al., 1999, Gueydan et al., 2008, Huis-
mans et al.,, 2005, Huismans and Beaumont, 2007,
2011, Le Pourhiet et al., 2004, Jammes and Lavier,
2016, Svartman Dias et al., 2015, Tetreault and Buiter,
2018]. Most of these parameters and feedback be-
tween them also influence the final morphology of
rifted margins (wide vs. narrow; symmetric vs. asym-
metric). It would be beyond the scope of this review
to do an exhaustive parametric study of all these pa-
rameters. Here, we built a set of numerical models
only varying two key parameters to capture to first or-
der the evolution of continental lithosphere thinning
mechanisms over time within the different levels of
the lithosphere.

4.1. Modelling approach and initial configura-
tion

The presented numerical models were run using the
2D geodynamic simulation code MDoodz [Duretz
et al., 2021]. The code is based on the finite-
difference/marker-and-cell technique [Gerya and

Yuen, 2003] which allows to conveniently couple
Eulerian thermomechanical numerical solutions
with Lagrangian advection of material properties.
The mechanical and thermal equations are dis-
cretized on a staggered grid and resulting linear sys-
tems are obtained via direct-iterative schemes [Réss
et al,, 2017]. Lagrangian markers are advected us-
ing a second order in space Runge-Kutta scheme.
The models include a true free surface based on the
staircase discretization and Lagrangian advection
[Duretz et al., 2016]. Kinematic boundary conditions
are applied to the left, right and bottom sides of the
model domain.

The rheological model is visco-elastic—
viscoplastic [de Borst and Duretz, 2020] (Table 1).
The visco-elastic creep model includes the power-
law effect of dislocation creep. Peierls and diffusion
creep are additionally taken into account in man-
tle phases only. A Drucker-Prager frictional plastic
model is applied to all material phases. The latter is
supplemented by viscoplastic regularisation [Duretz
et al., 2019], which allows for successful integration
of the rheological models [Duretz et al., 2020]. At the
local level, the rheology is integrated using local iter-
ations [Popov and Sobolev, 2008]. At the global level,
force equilibrium is achieved by applying Newton
iterations [Duretz et al., 2021].

The model domain has a width of 350 km and a
height of 170 km. The latter is discretized using to
910 x 500 cells, which provides a spatial resolution of
380 m along both dimensions. The domain extent
remains fixed throughout the simulations. Material
thus flows out of east and west boundaries and flows
in from the south side. The crust has an initial thick-
ness of 35 km and only consists of a single material
phase (Westerly granite). The mantle also consists
of a single material phase (dry olivine). In order to
seed the model, an initial bell-shaped thermal per-
turbation is applied in the mantle (amplitude 50 °C
and half-width 30 km). In the following, we inves-
tigate the role of two key parameters: the extension
rate (0.25 to 2.3 cm/yr) and then Moho temperature
(450 °C to 650 °C).

4.2. Results of numerical simulations

For each simulation, we show the initial strength
profile and geotherm, the evolution of the crustal
geometry and superimposed modes of deformation



Julie Tugend et al.

Table 1. Thermal and rheological parameters used in the simulations

15

Lithology Crust (Granite) Mantle/Asthensphere (Olivine) Units
Po Density 2800 3330 kg/m?3
Ndis Stress exponent 3.3 3.5
Adis Pre-exp factor 3.1623 x 10726 1.1 x 10716 Pa 57!
Quis Activation energy 185.5 530 kJ x mol™!
Vdis Activation volume 0 11 x 1076 m3-mol~!
ngif Stress exponent -
Mgif Grain size exponent - 3
Agit Pre-exp. factor - 1.5 x 1071 Pa~".m™.s7!
Quit Activation energy - 375 kJ-mol™!
Vaie Activation volume - 4x1076 m3-mol~!
Gpei Peierls parameter - 2
Y pei Peierls regularisation - 0.1
O pei Peierls’ stress - 8.5 GPa
Apei Pre-exp. factor - 5.7 x 1011 g1
Qpei Activation energy - 540 kJ-mol~!

Flow law parameters are taken from Hansen and Carter [1983] for the crust, Hirth and Kohlstedt [2004]
and Goetze and Evans [1979] for the lithospheric mantle with regularization from Kameyama et al. [1999].
The following parameters are similar for the crust and the mantle: Expansivity (@ = 3.2 x 107> K1),
incompressibility (8 = 1.5 x 10~ pa—1), shear modulus (G = 1.0 x 10! Pa), friction angle (¢ = 30°), initial

cohesion (Cy = 50 MPa), final cohesion (C,

=1 MPa), reference visco-elastic overstress (Ao = 1.5 MPa),

heat capacity (C, = 1050 J/kg/K), thermal conductivity (k = 3 W/m/K). A grain size of 1 mm is assumed
for the mantle. The governing equations and the detailed model implementation are stated in Duretz

etal. [2021].

(distribution between elastic, plastic and viscous rhe-
ological behaviours) and strain distribution. Thin-
ning factors for the crust, mantle and whole litho-
sphere are also shown to track the partitioning be-
tween the crust and lithospheric mantle thinning and
evolution in space and time of DDT.

4.2.1. Model NRO1—cold Moho temperature and slow
extension rate

The model NRO1 shown in the Figure 3 is char-
acterized by an initial cold Moho temperature of
450 °C and a slow extension rate (0.25 cm/yr).
The initial lithosphere-asthenosphere boundary
(LAB) (1350 °C) is slightly deeper than 150 km depth
(Figure 3a).

Extension is initially accommodated by discrete
high-angle structures in the brittle/plastic upper part
of the crust and mantle. Strain subsequently local-
izes at the rift axis in the uppermost brittle/plastic

mantle after 16% of the extension (Figure 3b). In the
crust, strain starts localizing within two narrow con-
jugate deformation zones dipping toward the rift axis
delimiting a central ~50 km wide graben. Although
strain continues localizing within these conjugate
deformation zones, the future necking zones, little
brittle/plastic deformation is recorded in the cen-
tral crustal block in between (Figure 3c) [so-called
H-block: Lavier and Manatschal, 2006 or keystone:
Mohn et al., 2012]. Increasing extension leads to the
boudinage and distributed necking of the upper brit-
tle/plastic mantle layer at the rift axis, accommo-
dated by deformation of the ductile/viscous lower
crust of the keystone that becomes heterogeneously
thinned after 20% of extension. As increasing exten-
sion is accommodated within crustal conjugate de-
formation zones, increasing crustal thinning is be-
ing recorded in the forming necking zones associated
with the exhumation and embrittlement of deeper
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Figure 3. Numerical model NRO1 illustrates the development of rifting with initial Moho temperature of
450 °C and a constant bulk extension rate of 0.333 x 107! s™!. Left column represents an enlargement
of the model showing the mode of deformations and their evolution during ongoing extension. The
doted gray and thin white lines represent passive markers. Please note that the middle one represents the
initial plastic elastic to viscous transition (i.e., brittle-ductile transition) The central column documents
the accumulated von Mises strain (eII). The white contours show the isotherms in °C. The right column
displays the thinning factor distribution across the model for the crust, the mantle lithosphere and the

whole lithosphere.

crustal levels (see evolution of passive markers in Fig-
ure 3d). After 26% of extension, the deformation
and thinning of the keystone crustal block inten-
sifies, associated to transient asymmetric shearing.
Crustal thinning of the keystone leads to its progres-
sive embrittlement and thinning of ductile/viscous

lower crust (Figure 3e). After 38% of extension, only
extremely thinned (<10 km) plastic/brittle crust re-
mains in between the necking zones, underlain by a
plastic/brittle upper mantle layer. Final crustal thin-
ning and crustal separation is here accommodated in
the frictional field (Figure 3e).
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4.2.2. Model NR0O3—cold Moho temperature and fast
extension rate

The model NRO3 shown in Figure 4 is character-
ized by an initial cold Moho temperature (450 °C)
and depth of the LAB similar to model NRO1 (Fig-
ure 3) but with a larger extension rate (2.3 cm/yr)
(Figure 4a).

Strain is initially accommodated by discrete dis-
tributed high-angle extensional faults in the brit-
tle/plastic upper part of the crust and mantle. Sim-
ilarly to model NRO1, strain localizes in the brit-
tle/plastic upper mantle at the rift axis at 17% of ex-
tension, associated to the formation of two deforma-
tion zones in the crust delimiting a central ~50 km
wide graben (Figure 4b). Localized boudinage and
necking of the brittle/plastic upper mantle layer oc-
curs after 22% of extension, with a larger wavelength
ductile/viscous deformation of the lower crust of the
keystone compared to NRO1 (Figure 4c). The form-
ing necking zones already record intense crustal thin-
ning (y ~ 0.5 after 22% of extension, Figure 4c), while
little brittle/plastic deformation of the keystone is
recorded. Exhumation of deeper crustal levels and
their embrittlement occur in the necking zones but
are less pronounced than in model NRO1. After 22%
of extension, strain localizes in between the necking
zones at the rift axis recorded by brittle/plastic de-
formation in the upper crust (Figure 4d). After 36%
of extension, strain accumulation in the crust at the
rift axis leads to the thinning and cutting of the cen-
tral keystone block into symmetric parts (Figure 4e).
Despite the extreme crustal thinning of the conti-
nental crust, it never fully embrittles before crustal
separation (Figure 4e) in contrast to model NRO1
(Figure 3e).

4.2.3. Model NRO7—hot Moho temperature and slow
extension rate

The model NRO7 shown in Figure 5 is character-
ized by a higher temperature of 650 °C at the Moho
and a low extension rate (0.25 cm/yr). The initial
LAB (1350 °C) is slightly deeper than 90 km depth
(Figure 5a).

Extension is accommodated by distributed dis-
crete high-angle extensional faults in the brit-
tle/plastic upper crust for 20 Ma. Strain subsequently
localizes in the lithosphere towards the rift axis while
active mantle upwelling is initiated at the base of the

lithosphere. After 38% of extension, roughly homo-
geneous thinning is observed over a 200 km width
at the rift axis although mantle thinning slightly
exceeds crustal thinning (Figure 5b). Conductive
cooling of the mantle due to the low extension rate
enables the formation of a plastic/brittle upper man-
tle layer, subsequently thinned by short wavelength
boudinage associated with ductile/viscous lower
crust deformation (Figure 5b). A complex pattern of
extensional structures occurs in the brittle/plastic
upper crust, suggesting that several generations of
faults formed (polyphase faulting) dipping in oppo-
site directions. At 41% of extension, strain localizes in
a narrower region at the rift axis, associated with the
formation of two conjugate shear zones in the crust
that delimit a central graben (up to 25 km wide),
under which the crust is slightly thicker (Figure 5c).
Extension and crustal thinning are accommodated
by extensional shear zones within the necking zones,
which are associated to the exhumation of deeper
crustal levels (Figure 5d). Crustal thinning occurs
beneath the central graben at the rift axis, associated
with progressive crustal embrittlement from 44% to
49% extension (Figure 5e).

4.2.4. Model NR0O9—hot Moho temperature and fast
extension rate

The model NR09 shown in Figure 6 is character-
ized by Moho temperature of 650 °C and depth of the
LAB similar to model NRO7 (Figure 5a), but with a
faster extension rate (2.3 cm/yr) (Figure 6a).

During the first 10% of extension, the lithosphere
records low-magnitude homogeneous thinning. As
strain accumulates in the mantle, predominantly vis-
cous deformation occurs within a roughly 150 km
wide region at the rift axis, except for a thin (~2 km
thick) plastic/brittle upper mantle layer. Simulta-
neously, multiple zones of brittle/plastic deforma-
tion develop in the upper crust due to its boudi-
nage, while lower crustal domes gradually form be-
tween crustal boudins (Figure 6b). The large-scale
boudinage of the upper crust persists until 30% of
the extension, beyond which strain becomes local-
ized at the rift axis within the mantle (Figure 6c).
At this stage, several upper crustal boudins have
formed recording brittle/plastic deformation, while
deeper crustal levels are exhumed and embrittled
in-between. As strain localizes at the rift axis, offset
crustal deformation zones progressively deactivate
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Figure 4. Numerical model NRO3 illustrates the development of rifting with initial Moho temperature
of 450 °C and a constant bulk extension rate of 3 x 1071% s71. Left column represents an enlargement
of the model showing the mode of deformations and their evolution during ongoing extension. The
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whole lithosphere.

after 30% of extension. Subsequently, strain local-
izes within one of these crustal deformation zones,
nearest to the rift axis, resulting in asymmetric crustal
thinning offset from the rift axis, with one of the
crustal blocks (“boudins”) preserved on one side
(Figure 6d). After 37% extension, strain localization

in the crust progressively shifts to localize above
the rising asthenosphere, generating crustal scale
simple-shear deformation. After 42% extension, ex-
treme crustal thinning is recorded in the distal mar-
gin, without entailing complete crustal embrittle-
ment (Figure 6e).
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5. Necking and thinning continental litho- illustrated by our simulations (Figures 3-6) and pre-

sphere: synthesis and discussion

vious models [Brun, 2002, Kusznir and Karner, 2007,

Huismans and Beaumont, 2007, 2011, 2014, Brune

5.1. Different modes of lithospheric thinning et al,, 2014, 2017, Svartman Dias et al., 2015, Pérez-
Gussinyé et al., 2023]. Here, we show the distribu-
Different modes of lithospheric thinning exist, shap- ~ tion between elastic, plastic and viscous deforma-

ing end-member rifted margin crustal geometries, as tion in the crust and mantle for each stage of our
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models. The flowing or non-flowing behaviour of
the lower crust is controlled by its strength, which
determines its efficiency as a decoupling layer. The
strength of the viscous lower crust depends on both
temperature and extension rates [Brun, 2002], evolv-
ing during extension: viscous material strengthens
for higher strain rates and weakens with increasing
temperature [Brun, 2002, see also review by Pérez-

Gussinyé and Liu, 2022]. More generally, extensional
modes and final rifted margin morphology are con-
trolled by the presence or absence of decoupling lev-
els within the lithosphere [Buck, 1991, Huet et al.,
2011a, Brun and Beslier, 1996, Duretz et al., 2016].
Our simple two-layer models with only varying
initial thermal and boundary conditions, enable us
to reproduce the classical narrow and wide modes of
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extension defined by Buck [1991]. Our conditions de-
signed to evolve into rifted margins do not reproduce
the last core complex mode. This mode would either
require higher temperatures at the Moho (>800 °C)
and thicker initial crustal thicknesses (>45 km) [Tirel
etal., 2008] or a reversed/post-orogenic stratification
of the lithosphere leading to the presence of a felsic
lower crust [Huet et al., 2011a].

5.1.1. Thinning cold lithosphere: narrow and local-
ized lithospheric thinning

Thinning in cold and strong lithosphere results in
rapid and narrow strain localization, within conju-
gate deformation zones in the crust and viscous man-
tle (NRO1, NRO3, Figure 7).

Extensional shear zones in forming necking zones
accommodate localized crustal thinning and delimit
in their hanging wall a comparatively less thinned
crustal keystone (Figure 7). Although little brittle
deformation is recorded at this stage in the key-
stone, ductile deformation is recorded in the duc-
tile/viscous lower crust, accommodating the boudi-
nage and necking of the brittle/plastic upper man-
tle [Figure 2C, Brun and Beslier, 1996]. Enhanced
conductive cooling generated by slow extension rates
will favour the brittle deformation of the upper man-
tle and its smaller wavelength boudinage. Depend-
ing on the distributed or localized boudinage of
the upper mantle layer, the crust of the keystone
is more or less heterogeneously thinned (compare
NRO1 and NRO3 in Figure 7), possibly even thick-
ened by lower crustal flow (Figure 2E) according to
Chenin et al. [2018]. Depending on extension rates
and on crustal thickness heterogeneities in the key-
stone, final crustal thinning occurs after the keystone
is delaminated during strain migration towards the
rift axis (NRO1) or separated in two symmetric parts
enhanced by the coupling between the viscous lower
crust and mantle (NR03) (Figure 8).

5.1.2. Thinning hot lithosphere: wide and distributed
thinning

Thinning in hot and weak lithosphere is associ-
ated with delayed strain localization. The weak lower
crust is efficient at decoupling between the brittle
upper crust and the mantle, generating a wide rift.
Ductile deformation is dominant during lithosphere
thinning, controlled by the thick viscous lower crust
(NRO7, NRO9, Figure 7).

Slow extension favours active mantle upwelling
in the early stage of lithosphere thinning (Figure 2I)
[Huismans et al., 2001] associated with a distributed
extension and very progressive lithosphere thinning.
Slow extension rates will favour conductive cooling
and formation of brittle/plastic upper mantle layer
thickening toward the rift axis. Boudinage and neck-
ing of this layer are associated to a change from wide
to narrow extensional mode, recorded by several gen-
erations of high-angle normal faults in the brittle up-
per part of the crust (polyphase faulting, Figure 2F).
Strain localization at the rift axis occurs as the con-
tinental crust is already significantly thinned (Fig-
ure 7). Two conjugate extensional shear zones de-
limit a narrow central graben that is quickly sepa-
rated into two symmetric parts (Figure 8).

Fast extension is associated with the boudinage of
the brittle/plastic upper crust (Figure 2C), while duc-
tile/viscous deformation is dominant underneath.
Strain is accommodated by the simultaneous for-
mation of brittle deformation zones in the upper
crust separating weakly deformed crustal blocks, lo-
cated in a footwall position relative to extensional
shear zones. Crustal thinning between these crustal
blocks is accommodated by the formation of domes
of deeper lower crustal levels, subsequently embrit-
tled (Figure 7). Strain localization in the mantle and
in the upper crust is spatially offset. The coupling
between the viscous lower crust and mantle at the
rift axis below one of these crustal blocks will subse-
quently generate simple-shear deformation accom-
modated along a single extensional shear zone.

5.2. Rifted margin morphologies and compari-
son with modelling results

Rifted margins show a large variability in width, ei-
ther related to alocalized crustal thinning or showing
smoother crustal thinning over very large distances.
Conjugate profiles either show symmetric or asym-
metric crustal structures (Figure 1). This diversity de-
pends on the modes of lithospheric thinning (Fig-
ures 7 and 8) as shown by numerical and analogue
models [Brun, 2002, Kusznir and Karner, 2007, Huis-
mans and Beaumont, 2011, 2014, Brune et al., 2014,
2017, Pérez-Gussinyé et al., 2023]. Little asymmetry
is observed because the initial and boundary con-
ditions are mostly symmetric [Duretz et al., 2021].
Previous numerical studies showed that the final
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morphology of rifted margins and the degree of sym-
metry or asymmetry largely depend on the feedback
between lithosphere strength, extension rates and
applied initial and boundary conditions [Tetreault
and Buiter, 2018, Svartman Dias et al., 2015, Duretz
et al, 2016]. In addition, the degree of symme-
try or asymmetry is also related to the efficiency of
strain and strain-rate softening processes [Gueydan
etal., 2008, Huismans and Beaumont, 2003] as well as
structural inheritance [Le Pourhiet et al., 2004, Huet
et al., 2011a,b, Petri et al., 2019, Balazs et al., 2018]
which were not explored in our study.

Although it is challenging to compare numerical
modelling results with natural examples directly, nu-
merical simulations can be used to understand some
stages of the evolution of rifted margins.

5.2.1. Narrow rifted margins

Narrow lithospheric thinning is commonly ob-
served in relatively magma-poor Atlantic-type rifted
margins (Figure 1a/l) and in some segments of the
South Atlantic margin [e.g., Péron-Pinvidic et al.,
2017]. Rifted margins typically show a localized zone
of intense crustal thinning ranging between 50 km
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to 100 km distance (i.e., the necking zone). Crustal
thinning in the necking zones is accommodated by
large offset extensional shear zones (i.e., detachment
faults) that exhume deeper crustal levels (Figures 7
and 8). As deeper crustal levels are exhumed, they
are, however, progressively embrittled (note in Fig-
ures 7 and 8 the exhumation in the brittle field of the
passive marker indicative of the initial brittle-ductile
transition). Detachment faults associated with the
formation of necking zones have notably been identi-
fied in remnants of the Alpine Tethys margins [Mohn
et al.,, 2012, Ribes et al., 2020, Dall’Asta et al., 2022]

and in the Pyrenees [Masini et al., 2014, Tugend et al.,
2015].

In the initial stage of lithospheric thinning (Fig-
ure 7), these detachments delimit a relatively weakly
thinned crustal keystone. This crustal block is sub-
sequently either delaminated or cut in two parts,
determining the symmetry or asymmetry of conju-
gate distal rifted margins (Figure 8). Delamination of
this keystone is associated to the migration of exten-
sional faulting [as expected for sequential faulting:
Ranero and Pérez-Gussinyé, 2010] and progressive
crustal embrittlement [Pérez-Gussinyé and Reston,
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2001] (NRO1, Figure 8). Conjugate pairs of rifted mar-
gins will show a partly preserved crustal block on one
side, while the other one shows intense faulting. This
block can also be separated in roughly symmetric
parts (NRO3, Figure 8) associated with limited or no
crustal embrittlement, in which case both conjugate
rifted margins will show a crustal block preserved in
their distal margin. The timing of extensional faulting
(Figures 7 and 8) and the isostatic evolution [Chenin
et al., 2018] of this keystone differ from that recorded
in adjacent necking zones with only the earliest and
latest faulting stages being recorded. Since this key-
stone is not necessarily preserved as such in present-
day rifted margins, its recognition remains inter-
pretative. Delaminated remnants of this keystone
have been interpreted in present-day rifted mar-
gins [e.g., Iberia-Newfoundland: Péron-Pinvidic and
Manatschal, 2010; Angola-Gabon: Péron-Pinvidic
et al, 2017]. Because of its atypical sedimentary
record [Lemoine et al., 1987, Mohn et al., 2010], the
Brianconnais domain of the Alpine Tethys is often
considered as a fossil analogue of this keystone block
[Mohn et al., 2012].

In summary, the evolution of NRO1 is relatively
consistent with that of sedimentary starved magma-
poor rifted margins such as Iberia-Newfoundland
[Sutra et al., 2013, Mohn et al., 2015] or from the fossil
Alpine Tethys [Manatschal, 2004, Mohn et al., 2010].
The general evolution of NR03 is however less realis-
tic because of the high extension rates from the onset
of rifting. Results of the simulations cannot straight-
forwardly be compared to natural examples. Such
high velocities from the onset of rifting could poten-
tially occur in 3D in the case of rifting at the tip of an
oceanic propagator [Le Pourhiet et al., 2018, Jourdon
et al., 2020].

5.2.2. Widerifted margins

Wide zones of lithospheric thinning are observed
in some marginal seas (e.g., South China Sea: Fig-
ure 1m-o; Alarcon segment of the Gulf of Califor-
nia: Figure 1q) that are expected to form in higher
geothermal gradients. Such rifted margins typically
show a wide zone (>200 km) of progressive crustal
thinning (diffuse necking zones). Examples such as
the South China Sea rifted margins typically show
a succession of rift basins under which the crust is
thinned to extremely thinned that are separated by
thicker crustal blocks (Figure 1m/o) [Pichot et al.,

2014, Clerc et al., 2018, Nirrengarten et al., 2020].
Such a situation is comparable to model NR09 char-
acterized by the formation of upper crustal boudins
(Figures 7 and 8). Between these boudins, domes
of lower crust are observed below rift basins and
are embrittled with increasing exhumation (see evo-
lution of the passive marker indicating the initial
brittle-ductile transition in Figures 7 and 8). Ex-
humation of deep crustal levels along low-angle ex-
tensional faults is documented in several rift basins
of the South China Sea [Liwan basin: Deng et al.,
2020; Dangerous Ground: Liang et al., 2019]. Re-
flective patterns in some of these domes are inter-
preted as folds attesting the initial ductile behaviour
of the exhumed crust [Deng et al., 2020]. Synchro-
nous basins are formed during upper crustal boud-
inage (NR09, Figure 7), as suggested for the South
China Sea based on stratigraphic correlations [Came-
selle et al., 2020].

In summary, the evolution of NR07 and NR09
shows typical features of a wide rift [Buck, 1991].
Rifted margins formed subsequently to wide rift-
ing modes are observed in some marginal basins of
Southeast Asia. Marginal seas are however generally
characterized by high extension rates as observed in
NRO09 [Woodlark Basin: Abers, 2001; South China Sea:
Larsen et al., 2018, Mohn et al., 2022]. Such high ve-
locities likely result from boundary conditions, con-
trolled by adjacent subduction zones [Mohn et al.,
2022, Larvet et al., 2023].

5.2.3. Limitations

It should be noted that magmatism or serpen-
tinization processes are not included in the mod-
els. Serpentinization is expected to occur in magma-
poor systems during the latest stage of crustal thin-
ning controlling the structural style during mantle
exhumation [Gillard et al., 2019]. In normal condi-
tions, magma is expected to be generated for thin-
ning factors of 0.7 or even 0.5, for higher geother-
mal gradients. Magmatic rocks would likely be em-
placed prior to or during the latest stage of litho-
spheric thinning associated with the formation of
a sharp COT adjacent to the oceanic crust as ob-
served in the South China Sea [Larsen et al., 2018,
Nirrengarten et al., 2020]. Onset of magmatism dur-
ing earlier stages of crustal thinning could even be
associated with the formation of seaward-dipping
reflectors.
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5.3. Evolution of depth-dependent thinning and
comparison with rifted margins

Depth-dependent thinning has previously been rec-
ognized in present-day rifted margins, showing that
extensional faulting identified in the upper crust
could not balance the amount of thinning mea-
sured at the scale of the whole crust or lithosphere
[Davis and Kusznir, 2004, Reston, 2007b]. Based on
the increasingly higher resolution of seismic data,
several studies show that most of this crustal DDT
[Svartman Dias et al.,, 2016] could be attributed
to sub-seismic extensional faulting, non-recognition
of polyphase faulting [Reston, 2007a,b] or of top-
basement detachment faults [Gomez-Romeu et al.,
2020].

Thinning factors extracted from our models en-
ables us to compare the evolution through time of
the whole crust, mantle and whole lithosphere thin-
ning. Except for whole crustal thinning factors, these
measurements are not easily obtained in natural sys-
tems. Lithosphere thinning in natural systems is gen-
erally approximated from subsidence analysis in rift
basins and do not greatly differ from whole crust
thinning factors where they can be measured [Davis
and Kusznir, 2004]. Thinning factors extracted from
our models show an important discrepancy between
crustal thinning and mantle or lithosphere thinning
(Figures 7 and 8) [Huismans and Beaumont, 2011;
lithospheric DDT in Svartman Dias et al., 2016] that
cannot be measured in present-day margins.

Lithospheric DDT in narrow rift models is particu-
larly contrasted in time and space. The early stage of
lithospheric thinning is associated to initially greater
crustal than mantle thinning in rift shoulders where
necking zones are progressively formed, while at the
rift axis (location of the keystone), mantle thinning
exceeds crustal thinning (Figure 7). Part of this DDT
is, however, transient and is partly erased by subse-
quent crustal thinning (Figure 8). Hence at the end of
rifting, little depth-dependent thinning is observed
between the crust and mantle/lithosphere in the dis-
tal margins. Lithospheric DDT is also seen in our
wide rift models but is either less pronounced after
lithospheric thinning (NRO7) or reflects asymmetric
thinning (NR09).

Although difficult to measure in natural systems,
lithospheric scale DDT is predicted by numerical
simulations, part is permanently recorded (rift shoul-

ders, where necking zones form), part is transient (at
the rift axis). Hence, thinning factors measured in
present-day margins are only partly representative of
the magnitude and distribution of DDT, although its
consequences for the subsidence evolution will be
recorded in the stratigraphic record.

6. Conclusions and perspectives

We reviewed the mechanisms of continental litho-
spheric thinning and the associated extensional
structures that control the formation of rifted mar-
gins and their observed diverse crustal geometries.
Using a simple two-layer model for the crust and
mantle, we illustrate the spatial and temporal evolu-
tion of extensional modes for different initial thermal
conditions and extension rates. Different modes of
lithospheric thinning are highlighted that control
the formation of end-member rifted margin mor-
phologies observed in natural systems. We show as
previously known that lithosphere thinning is indeed
depth-dependent [Davis and Kusznir, 2004, Huis-
mans and Beaumont, 2011, 2014], notably during the
formation of rift shoulders and necking zones. Tran-
sient phases of lithospheric DDT are also observed
in modelling results that cannot easily be measured
in natural systems.

Here, only the results of 2D numerical simula-
tions are presented and compared to natural sys-
tems. More and more 3D numerical models are be-
ing developed, testing the effect of obliquity or lateral
changes in boundary conditions [Brune and Autin,
2013, Ammann et al., 2018, Duclaux et al., 2020, Jour-
don et al., 2021], changes of extensional modes due to
propagation [Le Pourhiet et al., 2018, Jourdon et al.,
2020] or changes in polarity and asymmetry due to
inheritance [Le Pourhiet et al., 2017, Balédzs et al.,
2018, Neuharth et al., 2021]. The development of 3D
models and their comparison with natural systems
will certainly continue to enhance our understand-
ing of rifting processes in the near future.
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