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Abstract: Although the Wilson cycle is usually considered in terms of wide oceans floored with normal oce-
anic crust, numerous orogens result from the closure of embryonic oceans. We discuss how orogenic and post-
orogenic processes may be controlled by the size/maturity of the inverted basin. We focus on the role of
lithospheric mantle in controlling deformation and the magmatic budget. We describe the physical properties
(composition, density, rheology) of three types of mantle: inherited, fertilized and depleted oceanic mantle.
By comparing these, we highlight that fertilized mantle underlying embryonic oceans is mechanically weaker,
less dense and more fertile than other types of mantle. We suggest that orogens resulting from the closure of a
narrow, immature extensional system are essentially controlled by mechanical processes without significant ther-
mal and lithological modification. The underlying mantle is fertile and thus has a high potential for magma gen-
eration during subsequent tectonic events. Conversely, the thermal state and lithology of orogens resulting from
the closure of a wide, mature ocean are largely modified by subduction-related arc magmatism. The underlying
mantle wedge is depleted, which may inhibit magma generation during post-orogenic extension. These end-
member considerations are supported by observations derived from the Western Europe—North Atlantic region.
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The paradigm now called the Wilson cycle (Dewey
& Burke 1974) refers to the rift—drift-subduction—
collision—collapse evolution occurring repeatedly
along particular deformation belts. The model origi-
nates from the work of Wilson (1966), who first rec-
ognized that the distribution and evolution of the
palacofaunal assemblages of North America and
Western Europe required the existence of a major
ocean basin separating these continents during the
lower and middle Paleozoic, whereas this ocean no
longer existed from the late Paleozoic to the middle
Mesozoic. Wilson’s theory has been widely used to
describe the repeated opening and closure of con-
tinent collision zones, the conjugate pre-collision
margins of which are implicitly considered to be sep-
arated by zones of normal oceanic crust.
Embryonic oceans and abandoned hyperex-
tended rift systems are common geological features

(e.g. the Porcupine Basin and the Rockall Trough
in the North Atlantic) and it is generally recognized
that a significant number of orogens involved the
closure of such immature rift systems — for example,
the Alps (Sengor 1991), the Pyrenees (Boillot &
Capdevila 1977) and most of the Variscides of West-
ern Europe (Franke 2006). However, only a few
researchers have attempted to distinguish between
orogens resulting from narrow versus wide ocean
basins (Sengdr 1991; Chenin et al. 2017) and the
question of whether minor oceans experience a
Wilson cycle comparable with that of wide oceans
has not been widely explored.

We focus here on immature extensional systems,
which we define as extensional systems whose
development stopped before a steady-state seafloor
spreading system was initiated. Based on thought
experiments and relying on recent data/concepts
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and currently developed numerical models, we
investigate how the characteristics of orogenic and
post-orogenic processes resulting from the closure
of such an immature extensional system may differ
from those following the closure of a wide oceanic
domain (Fig. 1). In particular, we investigate the evo-
lution of the lithospheric mantle during extension
and emphasize its impact on the localization of
deformation and on the magmatic budget of subse-
quent tectonic events (i.e. orogenic collapse and/or
rifting). We discuss how shortened or incomplete
Wilson cycles may differ from the classical Wilson
cycle in the light of natural examples from the well-
studied Western Europe—North Atlantic region. This
region is of particular interest because it consists
of orogens resulting from the closure of both nar-
row (<500 km) and/or immature hyperextended rift
systems (the Variscides of Western Europe) and
wide mature oceans (the Scandinavian Caledonides).

Characteristics of extensional systems
First-order characteristics

Extension of the lithosphere, from orogenic collapse
to hyperextension and eventual seafloor spreading,
is usually achieved through a succession of deforma-
tion phases, which form a series of domains with
relatively consistent characteristics (Peron-Pinvidic
et al. 2013; Sutra et al. 2013; Chenin et al. 2017).
Note that we use the term hyperextension to refer
to the stage starting when the crust has been stretched
to full embrittlement, usually at a crustal stretching
factor of c. 34 (Perez-Gussinyé & Reston 2001),
and ending either when subcontinental mantle starts
to be exhumed or when steady-state seafloor spread-
ing initiates. As extension progresses, the crust and
the lithospheric mantle are increasingly modified by
strain localization, thermal perturbations, magmatic
additions and phase transformations. However, as
rifting is generally a localization process progres-
sively focusing deformation until the onset of steady-
state seafloor spreading, the specific characteristics
formed during the successive stages of extension
are preserved from the proximal to the distal part
of rifted margins (Fig. 2b; Manatschal et al. 2015).
We consider three major stages of extension,
each being associated with the formation of specific
physical characteristics (Fig. 2a): (1) the orogenic
collapse and early rifting stage, also called the
stretching phase; (2) the hyperextension and possible
exhumation stage; and (3) the oceanic stage.

Orogenic collapse. The orogenic collapse stage is
characterized by gravitational (i.e. topographic)
re-equilibration of an over-thickened lithosphere
after the termination of orogeny (Dewey 1988; Rey
et al. 2001). Orogenic collapse is usually more or

less radial, characterized by extension achieved via
normal and low-angle detachment faulting in the
high-elevation domain (over-thickened crust), com-
pression expressed as thrusting towards the lower
elevation surrounding area and strike-slip faulting
at all elevations (Dewey 1988; Andersen 1998).
These result in an intense structural inheritance.
In some cases, orogenic collapse is accompanied
and/or followed by intense magmatic activity, as
evidenced by widespread mafic to acidic intrusions —
for instance, in the crust in the Variscan area, in
the Basin and Range Province and in the Canadian
Cordillera (Costa & Rey 1995; Vanderhaeghe er al.
1999; Rey et al. 2001; Petri et al. 2016). These for-
mer orogenic areas display a flat Moho and a strong
seismic layering of the lower crust (Bois et al. 1989;
Rey 1993; Vanderhaeghe 2009), interpreted as mafic
underplating resulting from the partial melting of the
underlying asthenosphere (Goodwin & McCarthy
1990; Costa & Rey 1995) or as sheared, formerly
ductile or partially molten lower crust (Vander-
haeghe 2009). We use the term magma-poor oro-
genic collapse to refer to (classical) orogenic
collapse that is devoid of extensive magmatic activ-
ity (e.g. the Caledonian orogenic collapse; Meissner
1999; Fossen et al. 2014) and magma-rich orogenic
collapse for the opposite case.

After orogenic collapse, the thermal heterogene-
ities are rapidly re-equilibrated (in a few tens of mil-
lions of years; see Jaupart & Mareschal 2007). By
contrast, most of the structural and lithological fea-
tures inherited from orogenic collapse are essentially
preserved. During the early stages of a subsequent
rifting event (stretching and necking stages), exten-
sion does not significantly modify the lithology of
the crust or lithospherie mantle (Picazo et al. 2016;
Chenin et al. 2017). Thus the lithology of the crust
and lithospherie mantle in the proximal and necking
domain of continental margins are comparable
(Fig. 2b).

Hyperextension/continental mantle exhumation. On
further extension, arift system may reach the stage of
hyperextension (Sutra et al. 2013; Doré & Lundin
2015) and possibly the stage of mantle exhumation.
These stages correspond, respectively, to thinning of
the fully embrittled crust from c. 10 km to the exhu-
mation of the subcontinental lithospheric mantle at
the seafloor. In these domains, the entire remaining
crust and the shallowest part of the subcontinental
mantle undergo intense hydrothermal circulation,
which forms sericite and illite in crustal rocks (Man-
atschal 1999, 2004; Pinto et al. 2015) and serpentine,
chlorite and talc up to 4-6 km depth in the litho-
spheric mantle (Hess 1955; Christensen 1970; Friih-
Green et al. 2004; Picazo et al. 2012).

In addition to the hydrothermal alteration pro-
cesses, hyperextension may lead to decompressional


http://sp.lyellcollection.org/

Collapse

@

Collision

Hyperextensron

Subduction

0

Drifting

\@7 ‘ﬁ>

Fig. 1. Classic view of the Wilson cycle and possible short-cuts (light grey arrows). Figure modified after Petri (2014).

HTIDAD NOSTIM HHL ANV HTLNVIN DIYHHdSOHLI'T

8T0Z ‘9 Yose\ uo 1senb Ag /B10°uonos|(100|pA|'ds//:dny wouj pepeojumoq


http://sp.lyellcollection.org/

Downloaded from http://sp.lyellcollection.org/ by guest on March 6, 2018

P. CHENIN ET AL.

(@)

Hyperextended rift system

Mature ocean

(b) ~55 km ~ 50 km ~ 60 km

e
%

e
(3

®

2 )
& & &
TS &5 N
. & && &y
s S R
orogenic collapse
stretching
early thinning
inherited mantle ] ’ ’
S L P - P -
hyperextension
fertile mantle
* v .
~
- S S
4 - Y .
oceanization
depleted mantle

stage of
extension

.-ﬁruximal domain  necking domain

hyperextended domain  exhumation domain

oceanic domain

[ continental crust [[Z] serpentinized mantle

N N _
ccgnental crist -
ctile material

[ 4

inherited lithospheric 7
mantle

? refertilized lithospheric
mantle 7

~30-35 km
Pl

depleted
lithospheric

[ mafic intrusion [ inherited mantle (type 1)
- acidic intrusion |:| refertilized mantle (type 2)
|:| oceanic crust |:| depleted mantle (type 3)
[Jasthenosphere  [_] depleted arc mantle (Fig. 3)

mantle
asth.

Fig. 2. (a) Main characteristics of extensional systems at various stages of extension and corresponding physical
properties of the lithospheric mantle at the centre of the rift (modified after Petri 2014). (b) First-order architecture
and lithology of a typical magma-poor rifted margin (modified after Chenin ef al. 2017 and Picazo et al. 2016).

melting of the underlying asthenospheric mantle
(Latin & White 1990). At the stage of hyperexten-
sion and exhumation, the resulting mid-ocean ridge
basalt (MORB)-type melts are not, or are only par-
tially, extracted and tend to stagnate in the overlying
lithospheric mantle, fertilizing it (Miintener et al.
2010 and references cited therein). This process
tends to progressively homogenize (on a large scale)
the continental lithospheric mantle into plagioclase-
bearing lherzolite in the uppermost c. 30 km of the
mantle (Miintener et al. 2010; Picazo et al. 2016
and references cited therein). Thus orogenic and
post-orogenic inheritance in the mantle and remnant
continental crust are largely obliterated in the
hyperextended and exhumation domains and their
lithology is essentially controlled by rift-induced
processes (Fig. 2b).

Oceanization. Ultimately, upwelling of the astheno-
sphere may generate a self-sustaining spreading sys-
tem for moderate to high seafloor spreading rates
(Mutter & Zehnder 1988; Huismans et al. 2001).
In this case, a ¢. 67 km thick mafic oceanic crust
with a remarkably homogeneous composition (e.g.
Gale et al. 2013) is formed (Bown & White 1994,
Dick er al. 2003). At the same time, the underlying
asthenospheric source mantle is generally thought
to evolve from a lherzolite depleted only in highly

incompatible elements to a harzburgite composition
depleted in both major and trace elements (see Saun-
ders et al. 1988, their fig. 7). Figure 2b illustrates the
first-order architecture, lithology and mantle types at
the rifted margins of a typical ocean.

Evolution of the lithospheric mantle

Experimental studies, thermomechanical numerical
modelling and flexure observations generally sup-
port the view that most of the strength of the litho-
sphere resides in the mantle (e.g. Chen & Molnar
1983; Burov & Watts 2006), although Maggi et al.
(2000) and Jackson (2002) questioned the dominant
strength of the upper mantle based on the focal depth
of intraplate earthquakes. Thus during lithospheric-
scale deformation, the lithospheric mantle appears
to have a dominant role in controlling the localiza-
tion of deformation (e.g. Gueydan et al. 2008; Rose-
nbaum er al. 2008). Anderson (2006) and Meyer
et al. (2007) suggested that compositional heteroge-
neities within the mantle may control the nature and
volume of magmatic activity. However, the mantle is
still very poorly known and its impact on the charac-
teristics of tectonic systems has been largely ignored.
In the following analysis, we attempt to integrate the
most recent knowledge — from small-scale petrolog-
ical studies to large-scale geophysical studies —into a
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coherent, first-order model of the evolution of the
lithospheric mantle in extensional systems. Based
on the petrological data from Western Europe
reviewed by Picazo et al. (2016) and using the algo-
rithms of Hacker et al. (2003), we provide estimates
of the density and seismic velocities for the three
types of mantle — namely, inherited (subcontinental),
fertilized (hyperextended rift systems) and oceanic
(steady-state seafloor spreading) mantle.

Highly heterogeneous inherited mantle (mantle type
1). There is growing evidence that the upper mantle
is highly heterogeneous ‘in all parameters and at all
scales’ (Anderson 2006), essentially as a conse-
quence of tectonic and magmatic processes. These
processes include, for example, subduction and the
partial melting of hydrated and altered oceanic
crust and the overlying sediments, the delamination
and partial melting of thickened continental crust,
and decompression and/or flux melting at subduc-
tion zones, all of which cause large-scale heterogene-
ities (Jagoutz er al. 2011). Partial melting of the
upper mantle may also occur during both orogenic
and post-orogenic evolution, such as in the Varis-
cides (Timmerman 2004), contributing to regional
compositional heterogeneities that are internally rel-
atively homogeneous (Picazo et al. 2016). Interac-
tion with possible rising plumes from the lower
mantle may also modify the composition of the
upper mantle (Baker er al. 1998). Therefore the lith-
ospheric mantle in a former orogenic domain can be
expected to be highly heterogeneous, which is sup-
ported by observations from the Variscan orogenic
domain of Western Europe (Picazo er al. 2016) as
well as regional density and P-wave velocity anom-
alies (Artemieva et al. 2006).

Table 1 provides end-member modal composi-
tions for the inherited type of mantle (mantle type
1) based on the modal composition of peridotites in
the Western and Central Alps (Miintener e al.
2010) and assuming that the compositional variabil-
ity of the subcontinental mantle is comparable across
Western and Central Europe (Picazo et al. 2016). We
distinguish between a fertile end-member (mantle
type la; Table 1) and a depleted end-member (mantle
type Ib; Table 1) that underwent an intense episode
of partial melting — namely, the thermal event that
followed the collapse of Variscan topography.
Note that this type of mantle is rarely exhumed
(McCarthy & Miintener 2015). The density of the
fertile and depleted end-members are comparable
at pressures <2.5 GPa (80 km), but at 2.5 GPa the
depleted end-member (mantle type 1b) is denser by
2% than the fertile end-member (mantle type la;
Table 2 and Fig. 3b). P- and S-wave seismic veloci-
ties are faster by c¢. 1.2 and 1.5%, respectively, in
mantle type 1b than in mantle type la at pressures

Table 1. Modal compositions of different types of mantle

ol spi spi cpx cpx opx opx plg plg art py alm gro
Mg# (%) Mg# (%) Mg# (%) Mg#t (%) An% (%) % % %

ol
(%)

Pressure
(GPa)

Mantle type

22.0 0.9 28.0 0.9

0.8

1.0

0.9

49.0

0-2.5 (spi)
2.5-3 (grt)

Inherited mantle, depleted  0-1 (spi)

Inherited mantle, fertile

Mantle 1a

02 0.1

0.7

9.0

0.9 25.8 0.9

14.5

0.9

50.7

0.8

9.0

0.9
0.9
0.9
0.9
0.9

27.0
27.0
24.0
11.0
28.0

0.9
0.9
0.9
0.9
0.9

7.0
7.0
7.0
7.0

13.0

0.7
0.7
0.5
0.5
0.7

1.0
1.0
0.0
2.0
2.0

0.9
0.9
0.9
0.9
0.9

65.0
65.0
60.0
80.0
57.0

1-2.5 (spi)
0-1 (plg)
1-2 (spi)
0-1.5 (spi)

Re-fertilized mantle
Depleted oceanic mantle

We consider the mineralogical variation due to depth (i.e. pressure); values highlighted in grey represent rare or unlikely existence in natural systems. Inherited mantle (mantle type 1) is highly heterogeneous,

Mantle 1b
Mantle 2
Mantle 3

therefore we consider its composition ranges between a fertile (mantle type la) and a post-orogenic collapse depleted (mantle type 1b) end-member. The composition of the fertilized and oceanic types of mantle are

average and/or ideal compositions.
cpx, clinopyroxene; grt, garnet ol, olivine; opx, orthopyroxene; pig, plagioclase; spi, spinel. An%, anorthite mole per cent content; Mg#, Mg number = Mg/ (Fe, + Mg); py%, alm% and gro%, pyrope, almandine

and grossular garnet mole per cent content.
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Table 2. Density corresponding to the different mantle types calculated with the modal and mineral
compositions described in Table 1 using the algorithm from Hacker et al. (2003)

Temperature (°C)

Mantle type Pressure (GPa) 700 800 900 1000 1100 1200 1300
Mantle 1a 0.5 3.26 3.25 3.24 322 3.21 3.20 3.18
1 3.28 3.26 3.25 3.24 3.23 3.21 3.20
1.5 3.29 3.28 3.27 3.25 3.24 3.23 3.22
2 3.30 3.29 3.28 3.27 3.26 3.25 3.23
25 3.38 3.37 3.36 3.35 3.34 3.33 3.32
3 3.40 3.39 3.38 3.37 3.35 3.34 3.33
Mantle 1b 0.5 3.26 3.25 3.24 3.23 3.21 3.20 3.19
1 3.28 3.27 3.25 3.24 3.23 3.22 3.20
1.5 3.29 3.28 327 3.26 324 3.23 322
2 3.31 3.30 3.28 3.27 3.26 3.25 3.24
25 3.32 3.31 3.30 3.29 3.28 3.26 3.25
Mantle 2 0.5 321 3.20 3.19 3.18 3.17 3.15 3.14
1 3.23 3.22 3.21 3.19 3.18 3.17 3.16
1.5 3.31 3.30 3.29 3.27 3.26 3.25 3.23
2 3.32 3.31 3.30 3.29 3.27 3.26 3.25
Mantle 3 0.5 3.27 3.26 3.25 3.24 3.22 3.21 3.20
1 3.29 3.28 3.26 3.25 324 3.23 3.21
1.5 3.30 3.29 3.28 3.27 3.26 3.24 3.23

Values highlighted in grey represent rare or unlikely existence in natural systems.

<2.5 GPa and comparable for pressures >2.5 GPa
(Table 3, right-hand side of Fig. 2a and Fig. 3c, d).

To estimate the relative strength of the different
types of mantle (Fig. 3), we built a depth-dependent
stress profile based on average mineralogical com-
positions (Table 1) using the polymineralic para-
metrization developed by Jammes et al. (2015) and
Jammes & Lavier (2016). The polymineralic rheol-
ogy is created by randomly distributing the mineral
phases and their rheological properties among the
elements of numerical grids. For each phase, the
parameters of the viscous flow law are obtained
from laboratory measurements. We use dry olivine
(Goetze & Poirier 1978), clinopyroxene (Hier-
Majumder et al. 2005), orthopyroxene (Raleigh
et al. 1971) and plagioclase (Shelton & Tullis
1981) in different proportions depending on the
mantle type (see Table 1 for percentages). For each
mineral phase, the transition from brittle to ductile
behaviour depends on the plastic strain, temperature
and pressure in the corresponding element. There-
fore, under certain conditions of pressure and tem-
perature, the polymineralic material generated is
semi-brittle because one or two phases deform in a
brittle manner while the other phase exhibits a duc-
tile behaviour, or semi-ductile when all phases
deform in a ductile manner, but present an important
difference in strength (Jammes et al. 2015; Jammes
& Lavier 2016). Because the distribution of the
mineral phases in this type of model is random, we
built the depth-dependent stress profile for one

x-coordinate using the geothermal gradient shown
in Figure 3a and a strain rate equal to 107" s,
The comparison between the depth-dependent stress
profile obtained for the polymineralic material (black
curve in Fig. 3) and each mineral phase (olivine, cli-
nopyroxene, orthopyroxene and plagioclase; see cor-
responding coloured curves in Fig. 3e-h) allows us
to identify the different rheological behaviours (brit-
tle, semi-brittle, semi-ductile, ductile) as a function
of the depth in the mantle.

Figure 3e, f show the depth-dependent stress pro-
file of the fertile inherited mantle end-member (man-
tle type la) and the depleted inherited mantle
end-member (mantle type 1b). The depth-dependent
stress profile of olivine, clinopyroxene and orthopyr-
oxene are also plotted for comparison. For mantle
types la and Ib, we observe that below 25 km depth
the mantle is characterized by a brittle behaviour.
Between 25 and 40 km, only olivine is in the brittle
regime, so that the mantle is characterized by a semi-
brittle behaviour. Numerical models predict that, in
this case, deformation is accommodated by localized
anastomosing shear zones (Jammes et al. 2015;
Jammes & Lavier 2016). Between 40 and 60 km
depth, the three mineral phases are in the ductile
regime, but there is still an important strength con-
trast between olivine and pyroxene. The rheological
behaviour is then described as semi-ductile and
numerical models predict the formation of localized
anastomosing shear zones (Jammes et al. 2015;
Jammes & Lavier 2016). Beyond 60 km depth, the
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Fig. 3. (a) Geothermal gradient and strain rate (eref) used for calculation of the different profiles shown in this
Figure, (b) Density, (¢) P-wave and (d) S-wave seismic velocities of the four types of mantle along the geotherm
shown in panel (a); (e-h): Depth-dependent stress profile of the different types of mantle designed using the
parametrization of Jammes et al. (2015). We consider only the main minerals (proportion >5%), namely olivine,
pyroxene and plagioclase feldspar, (e) Mantle type la: Inherited mantle — fertile end-member (f) Mantle type 1b:
Inherited mantle — depleted end-member; (g) Mantle type 2: Fertilized mantle; (h) Mantle type 3: Depleted oceanic

mantle.

deformation is fully ductile and numerical models
predict the formation of distributed shear zones
(Jammes et al. 2015; Jammes & Lavier 2016).

The main difference between the fertile inherited
(la) and depleted inherited (Ib) mantle is the relative
proportion of olivine and clinopyroxene. The work
by Jammes et al. (2015) suggests that this variation
affects the localization of the deformation. A
decrease in the percentage of weak phases (orthopyr-
oxene and clinopyroxene) in favour of strong phases
(olivine) localizes strain, which may lead to the for-
mation of localized shear zones. As a consequence,

we expect that deformation will localize earlier in
an inherited depleted mantle than in an inherited
fertile mantle.

Fertilized mantle (mantle type 2). Growing evidence
supports that, during hyperextension, the infiltration
and stagnation of melt resulting from asthenospheric
decompression melting fertilizes the overlying sub-
continental lithospheric mantle (e.g. Miintener
et al. 2004). Observations by Picazo et al. (2016)
support the view that fertilized mantle evolves pro-
gressively from a highly heterogeneous composition
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Table 3. Seismic velocities corresponding to the composition of the different mantle types defined in Table 1 calculated using the algorithm by Hacker et al. (2003) %
Temperature (°C) g

700 800 900 1000 1100 1200 1300 =3

Mantle 2
type Pressure (GPa) Vp Vg Vp Vs Vp Vg Vp Vg Vp Vs Vp Vg Vp Vs _g
Mantle la 0.5 7.76 4.47 7.70 4.42 7.63 4.38 7.55 4.33 7.48 4.28 7.41 4.24 7.34 4.19 5_
1 7.83 4.49 7.76 4.44 7.69 4.40 7.62 4.35 7.55 431 7.48 4.26 7.41 4.21 =~

1.5 7.89 4.51 7.82 4.46 7.75 442 7.68 4.37 7.61 4.33 7.54 4.28 7.47 423 o =}

2 7.95 4.53 7.88 4.48 7.81 4.44 7.75 4.39 7.68 4.35 7.61 4.30 7.54 425 o §

2.5 8.07 4.58 8.00 4.53 7.94 4.49 7.87 4.45 7.81 4.40 7.74 4.36 7.67 431 % =

3 8.12 4.59 8.06 4.55 7.99 4.51 7.93 4.46 7.86 4.42 7.80 4.38 7.73 433 Z S

Mantle 1b 0.5 7.86 4.54 7.79 4.49 7.72 4.45 7.65 4.40 7.58 4.35 7.51 4.31 7.44 426 2 o
1 7.92 4.55 7.86 451 7.79 4.46 7.72 4.42 7.65 4.37 7.58 4.33 7.51 4.28 E @

1.5 7.98 4.57 7.92 4.53 7.85 4.48 7.78 4.44 7.71 4.39 7.64 4.35 7.57 430 = o

2 8.04 4.59 7.98 4.55 791 4.50 7.84 4.46 7.77 441 7.70 4.37 7.63 432 é

2.5 8.10 4.61 8.03 4.56 7.97 4.52 7.90 4.47 7.83 443 7.76 4.38 7.69 4.34 [

Mantle 2 0.5 7.71 441 7.65 4.37 7.58 4.33 7.52 4.29 7.45 4.25 7.39 4.20 7.32 4.16 8
1 7.78 4.44 7.71 4.40 7.65 4.35 7.59 4.31 7.52 4.27 7.46 4.23 7.39 4.19 o

1.5 8.08 4.60 8.02 4.56 7.95 4.52 7.89 4.47 7.83 4.43 7.76 4.39 7.70 4.35 >

2 8.13 4.62 8.07 4.57 8.01 4.53 7.95 4.49 7.88 4.45 7.82 441 7.76 4.37 <

Mantle 3 0.5 7.81 4.50 7.74 4.45 7.67 441 7.60 4.36 7.53 4.32 7.46 4.27 7.39 4.22 %
1 7.88 4.52 7.81 4.47 7.74 4.43 7.67 4.38 7.60 4.34 7.53 4.29 7.46 4.25 =

1.5 7.94 4.54 7.87 4.49 7.80 4.45 7.73 4.40 7.66 4.36 7.59 4.31 7.52 4.27 o

N

Values highlighted in grey represent rare or unlikely existence in natural systems. g
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with essentially inherited mantle (mantle type 1)
characteristics in the proximal part of the hyperex-
tended domain towards an ideally homogeneous
plagioclase-bearing peridotite in more distal parts
of the domain (mantle type 2; see Table 1).

To calculate the density of fertilized mantle (man-
tle type 2), we use the modal composition of Western
and Central Alps ophiolites from Miintener et al.
(2010) and assume that the composition of fertilized
mantle is comparable (Picazo ef al. 2016). Fertilized
mantle is characterized by a density reduced by
c. 1.4% relative to mantle type 1 for pressures
<1 GPa (c. 35 km) (Table 2, Fig. 3b; see also Simon
& Podladchikov 2008). Fertilized mantle becomes
denser at greater depths due to higher amounts of
modal garnet. However, because the amount of fer-
tilized mantle is extremely limited compared with
that of inherited mantle, this effect can be neglected.

Fertilized mantle is also characterized by seismic
velocities that are reduced by c. 1% for pressures up
to 1 GPa and by >2% at greater pressures (Table 3,
Fig. 3c, d). This difference may partly explain the
anomalous (i.e. not only due to temperature)
decrease in seismic velocity commonly observed in
the mantle underlying immature basins (incipient
or abandoned rift systems) or at hyperextended rifted
margins — for example, beneath the southern part
of the Porcupine Basin (O’Reilly et al. 2006) and
beneath the hyperextended part of the Iberian margin
(Afilhado er al. 2008), Newfoundland margin
(Lau et al. 2006) and Flemish Cap (Funck 2003).
Although serpentinization is presumably the main
cause of the decrease in velocity up to 6 km beneath
the seafloor, it cannot account for the decrease at
greater depths because serpentine becomes unstable.
The existence of fertile mantle may account for
reduced velocity up to 10 km beneath the seafloor.

The existence of plagioclase in the fertilized
mantle (mantle type 2) strongly affects the depth-
dependent stress profile. Figure 3g shows that pla-
gioclase is weaker than both pyroxene and olivine.
As a result, the fertilized mantle has a semi-brittle
behaviour between 18 and 40 km. The domain
where deformation can be accommodated along
localized anastomosing shear zones is consequently
wider than in the inherited mantle, which favours
decoupling of the deformation. Because the rheology
and thickness of the decoupling layer strongly con-
trol contractional deformation processes (Beaumont
et al. 1994; Pfiffner et al. 2000; Jammes & Huismans
2012), the weaker rheology of fertilized mantle may
have major consequences for the localization of
deformation at the onset of basin reversal.

Homogeneous mid-ocean ridge mantle (mantle type
3). During steady-state seafloor spreading, the
asthenospheric mantle is undergoing decompression
melting and produces a remarkably homogeneous

oceanic crust (MORB). Even if it was initially het-
erogeneous, the remaining mantle source becomes
uniformly depleted because of the relatively high
degree of partial melting (Anderson 2006). In con-
trast to fertilization, depletion related to seafloor
spreading has a limited effect on density (<0.5%
variation; Table 2, Fig. 3b) and on seismic velocity
(mantle type 3 faster by c¢. 0.6% than mantle type 1;
Table 3, Fig. 3c, d; Schutt & Lesher 2006). Note that
density and velocity variations related to thermal
anomalies and to the presence of melt are thought
to be much more important than those related to
composition in the upper mantle (Sobolev er al.
1996; Goes et al. 2000; Cammarano et al. 2003).

Reversal and collision of extensional systems

Any extensional system may be reversed when the
background stress changes to relative compression.
We describe how the characteristics of the resulting
orogen and possible subsequent extensional events
(orogenic collapse and/or rifting) may be influenced
by the size/maturity of the extensional system
involved.

Collapsed orogenic systems

During the reversal of a collapsed system or of a rift
basin that never reached the stage of hyperextension,
shortening is presumably not sufficient to cause sig-
nificant thermal or compositional modification of the
crust or mantle. The reversal of systems with small
extensions (rifts) is dominantly a mechanical pro-
cess, governed by structural, lithological and thermal
inheritance (Sengor 1991; Chenin et al. 2017).

In the case of a magma-poor orogenic collapse,
structural inheritance dominates largely over thermal
and lithological inheritance. Structural inheritance
provides immediate and long-term weaknesses,
which are usually reactivated during subsequent tec-
tonic events when appropriately oriented with
respect to the stress direction (Ring 1994; Withjack
et al. 2010).

However, in the case of a magma-rich collapse,
the thermal and lithological inheritance may domi-
nate over structural heterogeneities. In the early
stages of orogeny or orogenic collapse, the orogenic
domain is characterized by a high heat flow due to
high radiogenic production in the over-thickened
crust and/or from percolating melts caused by the
partial melting of the lower crust and /or the astheno-
sphere. This hot thermal state results in weakening of
the orogenic region, favouring the localization of
deformation during subsequent tectonic events (see
Huismans & Beaumont 2011; Brune et al. 2014;
Petersen & Schiffer 2016).
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When most of the topography has been eroded
and the lithosphere has thermally recovered, a signif-
icant proportion of the crust may consist of mafic
intrusions and granulite facies rocks, which result
from the magmatic event or from deep burial. After
the termination of magmatic activity and associated
heat advection, these rocks contribute to lower geo-
thermal gradients because their radiogenic produc-
tion is lower than that of average continental crust
(for a review, see Krabbendam 2001). Mafic intru-
sions have a stronger rheology than the encompass-
ing quartzo-feldspatic crust (e.g. Kohlstedt et al.
1995). As a result, the former orogenic region
becomes relatively strong and is less deformed
during subsequent tectonic events (Yamasaki &
Gernigon 2009; Chenin et al. 2015).

Hyperextended rift systems to embryonic
oceans

Examples of orogens resulting from the closure of
a hyperextended rift system or immature ocean
include the Pyrenees (Lagabrielle & Bodinier
2008; Tugend er al. 2015) and the Alps (Mohn
et al. 2014). In both cases, orogeny was essentially
a mechanical process largely devoid of subduction-
related magmatic activity, thus the architecture of
the initial margins is relatively well preserved (Bel-
trando et al. 2014; Mohn et al. 2014; Tugend et al.
2015).

In the Pyrenees, the Alps and the southern Iberian
abyssal plain, compressional deformation initiated at
the limit between either the hyperextended and the
exhumation domains, or within the exhumation
domain (Peron-Pinvidic er al. 2008; Tugend et al.
2014). Peron-Pinvidic et al. (2008) and Lundin &
Doré (2011) proposed that serpentine may act as a
stress guide during subduction initiation because
it is weaker than peridotite, continental crust and
oceanic crust (e.g. Ulmer & Trommsdorff 1995;
Escartm et al. 2001; Hilairet et al. 2007). However,
because serpentinization affects only the upper
6 km of the mantle in the exhumation domain, its
effect may be restricted to a relatively superficial
level. We suggest that the difference in density and
strength (Table 2, Fig. 3) between fertile mantle
(mantle type 2) and inherited mantle (mantle type 1)
or between fertile mantle and depleted mid-ocean
ridge mantle (mantle type 3) may act as a stress guide
for subduction initiation at greater depths (6—30 km).

The lack of significant subduction-related mag-
matism in the Pyrenees and the Alps was interpreted
by, respectively, Boillot & Capdevila (1977) and
Sengér (1991) as a consequence of the narrow
width of the closing ocean, which did not allow for
significant decompression and/or flux melting. As
a result, the mantle underlying orogens resulting

from the closure of a hyperextended rift system or
a narrow embryonic ocean is likely to be fertile. It
is presumably hydrated and enriched by mobile
components from subducting sediments, oceanic
crust and dehydrating serpentinite (Anderson 2006).
This fertile composition may add to the already
fertile sub-lithospheric mantle preserved from the
rift-related melt impregnation and provide fusible
components for subsequent magmatic events
(Fig. 2b; Chenin et al. 2017).

Wide /mature oceans

In contrast with the quasi-amagmatic closure of
hyperextended rift systems, protracted subduction
associated with the closure of a wide ocean is accom-
panied by intense magmatic activity, which forms
volcanic arcs (Uyeda 1981). Subduction-related
magma is generated by flux melting of the wet man-
tle wedge resulting from slab dehydration, and
decompression melting of the hot asthenosphere,
which rises to compensate the down-dragging of
mantle wedge material by the slab (Iwamori 1998;
Sisson & Bronto 1998; Jagoutz et al. 2011). These
melting processes deplete the source mantle wedge,
as recognized by Martinez & Taylor (2002) in the
Lau and Mariana back-arc regions. This observation
suggests that the incoming asthenosphere does not
bring enough fertile material to equilibrate with the
amount of fertile material that is taken out by arc
magmatism and therefore orogens resulting from
the closure of a wide ocean are potentially underlain
by relatively depleted mantle (Chenin ez al. 2017).
The extraction of mafic melts towards the surface
also strongly affects the lithology and the thermal
state of the hanging wall (Miyashiro 1961, 1967,
Ernst er al. 1970; Gerya 2011). If the magmatic arc
is intra-oceanic, it will be accreted in the orogenic
wedge, whereas if the arc is built on the upper
plate continental margin, it will affect the continental
crust inboard of the future suture zone. In both cases,
strong inheritance is expected in the orogenic domain.

Hyperextended rift systems versus
mature oceans and the Wilson cycle
in the North Atlantic

The Wilson cycle states that ocean basins open and
close following roughly the same lines, which sug-
gests a major structural control of inheritance.
Among the inherited features supposed to facilitate
extension and rifting, we can mention structural
weaknesses or fabric (e.g. Ring 1994; Vauchez
et al. 1997), compositional inheritance (e.g. Ryan
& Dewey 1997; Yamasaki et al. 2006; Petersen &
Schiffer 2016) and thermal inheritance (e.g.
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Yamasaki & Gernigon 2009; Vanderhaeghe 2012),
which can exist in the crust as well as in the mantle.
However, although complete Wilson cycles have
been recognized in several places, occurring some-
times repeatedly along the same region (Thomas
2006), the theory is challenged in other regions
(Krabbendam & Barr 2000). In particular, in West-
ern Europe, most of the Variscan sutures were not
reactivated during the Mesozoic extensional phases,
either by the North Atlantic rift, or by the Alpine

Tethys rift system (Frizon de Lamotte e al. 2011).
This implies that either orogenic inheritance and/or
post-orogenic processes vary among orogens.

The work by Chenin et al. (2015) and references
cited therein highlighted major differences in the
behaviour of the North Atlantic rift system, depend-
ing on whether it affects the Caledonian or Variscan
orogenic lithosphere. In the northern North Atlantic,
the rift parallels the Caledonian suture, rifting is pro-
tracted and polyphase and break-up is accompanied

The classical Wilson cycle of Scandinavian Caledonides
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Amagmatic orogenic collapse
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The incomplete Wilson cycle of the Variscides of Western Europe
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Fig. 4. Illustration of the two end-members proposed for the Wilson cycle in the North Atlantic. See Figure 2 for

colour legend.
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by intense magmatic activity. By contrast, in the
southern part of the North Atlantic, the rift circum-
vents the Variscan orogenic domain in Western
Europe, the duration of rifting is much shorter than
in the north and the break-up is magma-poor. They
also noted that the orogenic collapse of the Scandina-
vian Caledonides was largely devoid of magma
(Meissner 1999; Fossen et al. 2014), whereas the
collapse of the Variscides was followed by intense
magmatic activity (Costa & Rey 1995; Schaltegger
1997, Petri 2014).

One major difference between the Scandinavian
Caledonides and the Variscides of Western Europe
is the number and size of ocean basins involved.
The Scandinavian Caledonides resulted from the clo-
sure of the wide Iapetus Ocean between the two large
Laurentian and Baltic cratonic shields, with only the
limited accretion of magmatic arcs or terranes
between Norway and Greenland (Roberts 2003;
van Staal et al. 2012). By contrast, the Variscides
of Western Europe resulted from the closure of a
series of narrow oceans (<500-1000 km; McKerrow
et al. 2000), in addition to the closure of the wide
Rheic Ocean (Franke 2006; Kroner & Romer 2013).

As highlighted in the previous sections, major
differences in the characteristics of orogens can be
expected, depending on whether they arise from
the closure of a narrow hyperextended rift system
or a wide and mature ocean. In particular, we focused
this study on the role of the lithospheric mantle
because it is often regarded as the strongest litho-
spheric layer and thus would largely control most
tectonic events (e.g. Burov & Watts 2006).

During a Wilson cycle, the mantle lithosphere
may be modified by three different processes: (1)
thermal processes, which may affect any part of the
lithosphere, but with transient effects; (2) mantle
depletion or enrichment due to the interactions of
mantle rocks with melt — these compositional
modifications may arise across the entire mantle lith-
osphere; and (3) serpentinization due to the hydra-
tion of mantle rocks, which is limited to shallow
depths (with the exception of supra-detachment sys-
tems). These processes affect both the rheology and
the melting potential of the mantle. For instance, the
relatively fertile mantle presumed to underlie oro-
gens resulting from the closure of narrow hyperex-
tended rift systems may explain the magma-rich
collapse of the Variscides of Western Europe. By
contrast, the magma-poor collapse of the Scandina-
vian Caledonides could be explained by the depleted
mantle that may underlie orogens formed after long-
lasting subduction and arc magmatism systems.

The magmatic budget of orogenic collapse may
have a strong influence on the localization of future
extension. Although Caledonian orogenic and post-
orogenic structures were largely reactivated during
the rifting of the northern North Atlantic between

Norway and Greenland, illustrating the classic Wil-
son cycle, possible thermally equilibrated mafic
underplating of the crust in the Variscan domain
would have formed a strong core, which the subse-
quent Alpine Tethys and southern North Atlantic
rifts circumvented.

Thus we propose two end-members for the Wil-
son cycle in the North Atlantic, depending on the
maturity of the extensional system involved
(Fig. 4). The classic Wilson cycle applies to the
Scandinavian Caledonides. It involves: (1) the for-
mation of a wide ocean; (2) protracted subduction
of the oceanic domain forming magmatic arcs and
depleting the mantle wedge beneath the orogen; (3)
magma-poor orogenic collapse preserving both oro-
genic and post-orogenic structures; and (4) rifting
within the former orogenic area when renewed
extension takes place.

An incomplete Wilson cycle applies to the Varis-
cides of Western Europe. It is characterized by: (1)
the formation of a series of narrow oceans or hyper-
extended rift systems; (2) their closure, which is
essentially mechanical and largely devoid of mag-
matic activity; (3) magma-rich orogenic collapse
causing widespread underplating of the continental
crust; (4) a long relaxation time leading to strength-
ening of the orogenic area; and (5) rifting outside
the orogenic area during subsequent extension.

Conclusions

During the reversal of an extensional system and ulti-
mate collision, the size and maturity of the basin/
ocean involved presumably have a major control
on the orogenic and post-orogenic evolution. In par-
ticular, the fertilization processes of the lithospheric
mantle during hyperextension, together with the
lack of depletion caused by subduction-related mag-
matism during the closure of a narrow/immature
ocean, allow for a relatively fertile mantle composi-
tion beneath the orogen. By contrast, the underlying
mantle is proposed to be relatively depleted beneath
orogens resulting from the closure of wide/mature
oceans, both due to the depleted composition of the
slab and the arc-related partial melting of the mantle
wedge. Because the composition of the mantle con-
trols both its rheology and its ability to melt, it prob-
ably influences both the localization and magmatic
budget of subsequent tectonic events. This may
help to explain the different behaviour of the North
Atlantic rift depending on whether it affected the
orogenic lithosphere of the Scandinavian Caledo-
nides or the Variscides of Western Europe.

Despite its potential first-order control, the litho-
spheric mantle remains very poorly known and
therefore further studies on the characteristics and
evolution of the subcontinental mantle in various
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tectonic settings, from outcrop to regional scales, are
desperately required.
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