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Abstract with the Late Cretaceous onset of Africa-Iberia-Europe convergence Central Europe
experienced a pulse of intraplate shortening lasting some 15-20 Myr. This deformation event

documents area-wide deviatoric compression of Europe and has been interpreted as a far-field response to
Africa-Iberia-Europe convergence. However, the factors that governed the compression of Europe and
conditioned the transient character of the deformation event have remained unclear. Based on mechanical
considerations, numerical simulations, and geological reconstructions, we examine how the dynamics of
intraplate deformation were governed by the formation of a convergent plate boundary fault between Iberia
and Europe. During the Late Cretaceous, plate convergence was accommodated by the inversion of a young
hyperextended rift system separating Iberia from Europe. Our analysis shows that the strength of the
lithosphere beneath this rift was initially sufficient to transmit large compressive stresses far into Europe,
though the lithosphere beneath the rift was thinned and thermally weakened. Continued convergence
forced the formation of the plate boundary fault between Iberia and Europe. The fault evolved progressively
and constituted a lithospheric-scale structure at the southern margin of Europe that weakened rheologically.
This development caused a decrease in mechanical coupling between Iberia and Europe and a reduction
of compressional far field stresses, which eventually terminated intraplate deformation in Central Europe.
Taken together, our findings suggest that the Late Cretaceous intraplate deformation event records a high
force transient that relates to the earliest strength evolution of a lithospheric-scale plate boundary fault.

1. Introduction

Forces acting along tectonic plate boundaries induce horizontal stress in the interior of continents. Modern
stress data indicate that plate boundary compression can control the direction of the maximum horizontal
compressive stress far away from plate boundaries, even though the stress state may switch from deviatoric
compression to deviatoric tension within a few hundreds of kilometers (Heidbach et al., 2007; Levandowski
etal., 2018; Zoback, 1992; Zoback & Zoback, 1989). Such changes in stress state indicate that the magnitude of
the induced stress decreases and that the stress field becomes controlled by a superposition of far-field stress
and local stress arising, for example, from variations in the gravitational potential energy (Jones et al., 1996;
Levandowski et al., 2018). However, occasionally plate boundary compression can cause deviatoric compres-
sion over large areas within continental interiors. The compression can be strong enough to drive deforma-
tion within regions of reduced lithospheric strength, as manifested by the inversion of intracontinental rift
basins, uplift of basement blocks, or intracontinental orogeny (Dyksterhuis & Miiller, 2008; Raimondo
etal., 2014; Turner & Williams, 2004; Ziegler, 1987; Ziegler et al., 1995). In this sense, ancient intraplate defor-
mation events provide a record of geological periods, during which continental interiors experienced regional
deviatoric compression. Linking such events to their geodynamic causes can help to better understand the
factors that allow enhanced plate boundary compression and how they evolve through time.

In this context, we investigate the causes of a short-lived intraplate deformation event affecting Central
Europe in Late Cretaceous time. The deformation event has previously been interpreted as a far-field
response to plate convergence between Africa, Iberia, and Europe, but the factors controlling the timing
and duration of deformation have remained open to debate (Dézes et al., 2004; Kley & Voigt, 2008;
Nielsen et al., 2007; Ziegler et al., 1995). We here propose that the dynamics of Late Cretaceous intraplate
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Figure 1. Geographic overview. (a) Present-day geographic map of Europe showing the location of the two study areas.
(b) Paleogeographic reconstruction of Europe during the Late Cretaceous. Based on Kley and Voigt (2008), Macchiavelli
et al. (2017), Rosenbaum et al. (2002), and Tugend et al. (2015). Black arrows indicate the direction of Africa-Iberia

and Iberia-Europe convergence during the Late Cretaceous. IEPB = Iberian European plate boundary. CEBS = Central
European Basin System (black lines are major faults). Green and dark gray areas indicate zones of exhumed mantle
rocks and extended continental crust, respectively, in the Pyrenean realm and Bay of Biscay (BoB). Light gray and blue
areas indicate continental and oceanic domains, respectively. Baltica refers to the Proterozoic continent that constitutes
the northwestern part of western Eurasia (“Europe”). Europe became welded to Baltica during the Caledonian and
Variscan orogenies. The Tornquist zone is part of the Paleozoic suture between Baltica and Europe.

deformation were governed by the formation and rheological evolution of a convergent plate boundary fault
between Iberia and Europe, which marked the earliest stages of Pyrenean orogeny. In the following, we first
review geological constraints on the Late Cretaceous to Eocene tectonics in the Pyrenean realm and in
Central Europe and discuss previous explanations of the intraplate deformation event in Europe.
Subsequently, we analyze how the deviatoric compression of Central Europe depended on the formation
and rheological evolution of a convergent plate boundary fault between Iberia and Europe. The plausibility
of our analysis is evaluated by numerical simulations. We close with a discussion of our findings, in which
we address differences in the tectonic setting along-strike the Iberian-European plate boundary as well as
possible implications for the earliest tectonics in the Pyrenees.

2. Geological Background

2.1. Plate Tectonic Framework

Plate convergence between Africa, Iberia, and Europe commenced in the Late Cretaceous around 84 Ma
(e.g., Macchiavelli et al., 2017; Rosenbaum et al., 2002). At this time, Africa and Iberia were separated by
the Ligurian Tethys that connected the Alpine Tethys to the east and the Atlantic Ocean to the west
(Figure 1; Handy et al., 2010; Macchiavelli et al., 2017). Iberia and Europe were separated by a hyperex-
tended rift system and the Bay of Biscay, a narrow oceanic basin in the west (Clerc et al., 2012;
Nirrengarten et al., 2018; Roca et al., 2011; Tugend et al., 2014). The oceanic domains and the rift system
had previously formed in response to oblique divergence between Africa and Europe, mainly in Jurassic
to Early Cretaceous times (e.g. Schettino & Turco, 2011). From the Late Cretaceous onward, approximately
NE directed plate convergence was accommodated both, between Africa and Iberia and between Iberia and
Europe. Convergence between Iberia and Europe was accommodated along a plate boundary that extended
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Figure 2. Correlation of geological events. (a) Tectonic evolution in the Pyrenean realm and subsidence phases in the
North Pyrenean Foreland Basin (NPFB). (b) Rifting and inversion tectonics in Central Europe. (c, d) North-south con-
vergence rates between Iberia-Europe and Africa-Europe following different plate kinematic reconstructions. See text for
details and references.

at least from the Bay of Biscay area to the eastern Pyrenees and potentially continued into the Alpine realm
(Macchiavelli et al., 2017; Vissers & Meijer, 2012). Convergence between Africa and Iberia is thought to
have been accommodated by slow subduction of the Ligurian Tethys beneath Africa (e.g., Vergés &
Fernandez, 2012).

Some plate kinematic reconstructions suggest that the motion between Africa-Iberia-Europe changed at the
transition from the Late Cretaceous to the Paleocene (Macchiavelli et al., 2017; Rosenbaum et al., 2002;
Schettino & Turco, 2011). In detail, approximately NE directed plate convergence switched to left-lateral
and subsequent right-lateral strike slip movements. Simultaneously, Africa moved slightly southward rela-
tive to Iberia. The rearrangement of the convergence direction caused a slowdown or break in north directed
convergence during the Paleocene (Figures 2c and 2d). In the late Paleocene, north directed convergence
between Africa-Iberia and Iberia-Europe restarted. Convergence was accommodated along the Iberian-
European plate boundary (IEPB) until the early Miocene. After this, the convergence between Africa and
Europe was accommodated in the Ligurian Tethys domain further south (e.g., Frasca et al., 2015;
Macchiavelli et al., 2017).

2.2. Pyrenees

The Pyrenees are a collisional orogen resulting from the Late Cretaceous to Miocene convergence between
Iberia and Europe (Mufioz, 1992; Roure et al., 1989; Vergés et al., 1995). The orogen strikes WNW-ESE and
shows a double vergent geometry, with a south vergent pro-wedge developed on the lower plate (Iberia) and
anorth vergent retro-wedge situated on the upper plate (Europe; Figures 3 and 4a). The pro-wedge and retro-
wedge are separated along the North Pyrenean Fault, which is classically interpreted as the suture between
Iberia and Europe (Figure 4a; Choukroune & Mattauer, 1978). This structural configuration developed dur-
ing the main phase of continental collision, which commenced during the late Paleocene and was largely
characterized by the northward subduction of Iberian lower crust and mantle lithosphere, the southward
accretion and backthrusting of Iberian Paleozoic basement units (Axial Zone), the propagation of the south-
ern foreland fold and thrust belt, and minor north directed shortening in the retro-wedge (Beaumont et al.,
2000; Chevrot et al., 2015; Grool et al., 2018; Mouthereau et al., 2014; Vergés et al., 2002). Prior to the onset of
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Figure 3. Tectonic framework of Iberia. Red thrust faults indicate frontal thrust systems related to the Pyrenean orogeny.
Black thrust faults indicate thrust systems belonging to other orogenic events. Magnetic anomalies in the Bay of

Biscay (M3, MO0, A34) from Sibuet et al. (2004). Thick black line indicates the trace of cross section A-A’ shown in
Figure 4a. PB, Parentis Basin; LH, Landes High; BCP, Basque-Cantabrian Basin.

collision, that is, during the early phase of plate convergence from the Late Cretaceous to Paleocene, the evo-
lution of the Pyrenean realm was largely characterized by the inversion of the hyperextended rift system
located between Iberia and Europe (Figure 4b). In the following, we focus on the precollisional to early
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Figure 4. Geological information for the Pyrenees. (a) Simplified interpretation of the ECORS Pyrenees deep seismic section across the central Pyrenees. Modified
after Mufioz (1992). (b) Schematic reconstruction of the preorogenic template, shortly before the onset of plate convergence. A hyperextended rift system
separates Iberia and Europe. Mantle rocks are exhumed and serpentinized in the rift center. Sediments deposited on the exhumed mantle experience high
temperature-low pressure metamorphism. The metasediments are later thrust onto the European margin (MIZ in Figure 4c). Dashed red line indicates the plate
boundary fault that develops with the onset of plate convergence. Based on Clerc et al. (2015), Grool et al. (2018), and Mouthereau et al. (2014). (c) Balanced
geological cross section through the Northern Pyrenees along the ECORS Pyrenees transect. Modified after Ford et al. (2016). Zircon fission track ages (ZFT) and
Zircon (U-Th)/He ages from Yelland (1991) and Ternois et al. (2019), respectively.
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collisional evolution of the Pyrenees and summarize key information that provides insights into the tec-
tonics around the onset of Africa-Iberia-Europe convergence. For further information on the Pyrenean oro-
geny we refer to the recent literature (Angrand et al., 2018; Grool et al., 2018; Labaume et al., 2016;
Mouthereau et al., 2014; Teixell et al., 2018; Tugend et al., 2014; Vacherat et al., 2017).

Rifting between Iberia and Europe began already in the Triassic with the main phase of extension during the
Early Cretaceous (Figure 2a). Hyperextension culminated in limited crustal breakup and exhumation of sub-
continental mantle within a narrow, few tens of kilometer-wide domain (Figure 4b; Clerc et al., 2012;
Lagabrielle et al., 2010; Masini et al., 2014; Mouthereau et al., 2014; Roca et al., 2011; Tugend et al., 2015).
Remnants of exhumed mantle rocks, together with some intrusive and effusive magmatic rocks, are pre-
served within strongly deformed metasediments that crop out in a narrow zone, just north of the North
Pyrenean Fault (Metamorphic Internal Zone in Figure 4c). These sediments experienced high
temperature-low pressure metamorphism in between ~110 and 90 Ma (Albian to Turonian), during which
temperatures of ~400-600 °C were reached (Clerc & Lagabrielle, 2014; de Saint Blanquat et al., 1990,
2016; Vacherat et al., 2014). The metasediments are thought to have been deposited within the exhumed
mantle domain, where they were metamorphosed soon after deposition (Figure 4b; e.g., Clerc et al., 2015).
Restored geological cross sections from the central to eastern Pyrenees suggest that the metasediments were
subsequently sheared off the mantle domain and thrust onto the southernmost rifted margin of Europe dur-
ing early stages of Africa-Iberia-Europe convergence (Clerc et al., 2016; Ford et al., 2016; Grool et al., 2018).
The preservation of the Metamorphic Internal Zone above the inverted margin of Europe just north of the
North Pyrenean Fault and its absence south of the fault indicates that the IEPB fault that accommodated
convergence between Iberia and Europe and enabled the closure of the mantle domain initiated somewhere
south of the European margin, presumably within the mantle domain (Figure 4b; Grool et al., 2018;
Mouthereau et al., 2014; Tugend et al., 2014). The North Pyrenean Fault represents possibly a remnant of
the initial plate boundary fault, but the temporal and structural development of this fault is still poorly
understood. At present, the North Pyrenean Fault is subvertical and is thought to terminate at depths against
a deeper fault system (Figure 4a; Choukroune & ECORS-Pyrenees-Team, 1989).

Details of the earliest phase of rift inversion in response to plate convergence are preserved in the Northern
and Southern Pyrenees. In the South Pyrenean fold and thrust belt the inversion of rift-inherited normal
faults is recorded by syntectonic Upper Santonian to Maastrichtian growth strata, indicating that the inver-
sion started no later than ~84 Ma (McClay et al., 2004). A similar timing is provided by the synsedimentary
propagation of thrust faults into Campanian and Maastrichtian sediments deposited in the South Pyrenean
foreland (Ardévol et al., 2000). In the Northern Pyrenees, the timing of rift inversion is recorded by the devel-
opment of the North Pyrenean foreland basin (NPFB) that developed as a retro-wedge basin on the extended
southern margin of Europe (Figure 4c). In the central to eastern Pyrenees, the basin comprises a ~3- to 5-km-
thick succession of Upper Cretaceous to Miocene synorogenic sediments. The succession records a switch
from slow, postrift thermal subsidence to increased subsidence around 84 Ma (Ford et al., 2016; Grool
et al., 2018; Rougier et al., 2016). Sequentially restored cross sections indicate that the NPFB developed in
front of basement blocks that were inverting along rift-inherited normal faults (Figure 4c; Ford et al.,
2016; Grool et al., 2018; Rougier et al., 2016). The Late Cretaceous inversion of basement blocks is recorded
by zircon fission track ages and zircon (U-Th)/He ages recording exhumation related cooling of the base-
ment blocks around ~80-65 and ~75-60 Ma, respectively (Figure 4c; Ternois et al., 2019; Yelland, 1991).

Most geological reconstructions propose that by the end of the Cretaceous, the exhumed mantle domain was
closed and Iberia had begun to thrust beneath Europe (Ford et al., 2016; Grool et al., 2018; Mouthereau et al.,
2014). The timing is consistent with potassium feldspar *’Ar/*° Ar multiple diffusion domain thermal models
that indicate the onset of heating of the distal Iberian margin around 65 Ma (Metcalf et al., 2009). In the sub-
sequent collisional phase, plate convergence was mainly accommodated within the pro-wedge, while the
retro-wedge experienced only limited shortening (Beaumont et al., 2000; Ford et al., 2016; Grool et al., 2018).

2.3. Central Europe

Central Europe experienced repeated phases of intraplate rifting throughout the late Paleozoic and Mesozoic
leading to the formation of several basins, which are commonly grouped into the Central European Basin
System (CEBS; Figures 2b and 5a). The three largest subbasins are the Norwegian-Danish Basin, the
North German Basin, and the Polish Basin (Figures 1 and 5a). These basins accommodated up to ~6,000-
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(2000), Senglaub et al. (2005), and Fischer et al. (2012). (c) Cross section through the primary and secondary marginal

trough formed during inversion of the Norwegian-Danish Basin. Modified from Nielsen et al. (2005). (d) Cross section through the southern margin of the Lower

Saxony Basin. Modified from (Senglaub

et al., 2005).

8,000 m of sediments within their depocenters (Scheck-Wenderoth & Lamarche, 2005). During the Late
Jurassic to Early Cretaceous, Central Europe experienced approximately NE-SW directed extension, which
was followed by a phase of NNE-SSW directed shortening in the Late Cretaceous, recording a change in the
regional stress field from deviatoric tension to deviatoric compression (Figures 2b and 5b; Kley & Voigt,
2008; Navabpour et al., 2017; Sippel et al., 2009). Intraplate shortening was largely accommodated along
rift-inherited, NW-SE trending normal faults and caused the inversion and exhumation of Mesozoic basins
and Paleozoic basement blocks, such as the Bohemian Massif and the Harz Mountains (Kley & Voigt, 2008;
Navabpour et al., 2017; Tanner & Krawczyk, 2017; von Eynatten et al., 2008). The inversion was essentially
thick-skinned but involved also thin-skinned thrusting along detachments developed in Permian and
Triassic evaporates (Kockel, 2003; Lohr et al., 2007; Tanner & Krawczyk, 2017; Ziegler, 1987). The magni-
tude of exhumation varies across the CEBS with an average of around a few thousand meters (~1,000-
4,000 m), but reaching up to ~7,000 m in the Lower Saxony subbasin at the southern margin of the North
German Basin (Figures 5b and 5d; Littke et al., 2008; Senglaub et al., 2005, 2006). In front of the inversion
zones, new basins, so-called marginal troughs, were syntectonically infilled with up to ~2,000 m of sediment
(Figure 5c; Scheck-Wenderoth & Lamarche, 2005). The syntectonic sedimentary record of the marginal
troughs suggests that the main phase of inversion occurred during Late Santonian and Campanian. The tim-
ing is consistent with apatite fission track data from the CEBS, which is interpreted to record exhumation
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related cooling during the Campanian (apatite fission track ages of ~81-69 Ma; Fischer et al., 2012; Senglaub
et al., 2005; Thomson & Zeh, 2000).

Intraplate deformation ceased around the end of the Late Cretaceous, that is, after only ~15-20 million years,
which is well recorded by the sealing of eroded inversion structure by Maastrichtian or early Paleogene sedi-
ments (Kley et al., 2008; Kley & Voigt, 2008; Lohr et al., 2007; Scheck-Wenderoth & Lamarche, 2005). During
the Paleocene, some areas of the CEBS experienced dome-like uplift without reactivation of faults. Likewise,
depocenters were shifted outward, causing the formation of secondary marginal troughs, partly overlapping
the earlier marginal troughs (Figure 5c). Vertical displacements were rather small, in the order of a few hun-
dred meters (de Jager, 2003; Deckers, 2015; Nielsen et al., 2005). Based on numerical simulations of basin
inversion, the Paleocene vertical displacements have been explained as a stress relaxation feature related
to the mechanical unloading of the lithosphere, suggesting that both the contraction and the horizontal
deviatoric compression of Central Europe ended during the early Paleocene (Nielsen et al., 2005, 2007).

After the Paleocene, the kinematics and stress conditions in Central Europe became more heterogeneous.
From the Eocene to Miocene the European Cenozoic Rift System opened, which records W-E to NW-SE
directed extension (e.g., Dézes et al., 2004; Schumacher, 2002). At approximately the same time, minor com-
pressive deformation occurred in the southern North Sea and the English Channel (de Lugt et al., 2003;
Ziegler et al., 1995). In the CEBS local salt diapirism and extensional faulting is recorded. From around
Middle Miocene onward, Central Europe experienced NW-SE directed compression in response to continen-
tal collision in the European Alps (Bourgeois et al., 2007; Kley & Voigt, 2008; Navabpour et al., 2017).

3. Previous Explanations for Intraplate Deformation in Central Europe and
Open Questions

Ziegler (1987) and Ziegler et al. (1995) interpreted the Late Cretaceous intraplate deformation in Central
Europe to reflect collisional plate interaction related to the Alpine orogeny. Although occasionally ques-
tioned (e.g., Dewey & Windley, 1988; Vejbaek & Andersen, 2002), the concepts of Ziegler (1987) and
Ziegler et al. (1995) have been widely accepted and adopted in the literature (Dézes et al., 2004; Krzywiec,
2006; Marotta et al., 2002; Nielsen et al., 2005). More recently, Kley and Voigt (2008) reconsidered the link-
age between Late Cretaceous intraplate deformation and the Alpine orogeny. Based on new structural and
kinematic data from the European inversion zones and the Alpine realm, the authors show that neither the
timing nor the shortening directions in Central Europe are compatible with the Late Cretaceous tectonics in
the Alpine realm. In particular, when Europe experienced NNE directed contraction, the Alpine orogen was
undergoing a phase of NW directed extension, probably related to subduction erosion (Bachmann et al.,
2009; Wagreich, 1995). Moreover, the orogen was still separated from the European margin by the Alpine
Tethys (Figure 1b) and there is no evidence for Late Cretaceous shortening within the future European fore-
land, except for some localities in southern France, which is incompatible with the transfer of large compres-
sive stresses into the Alpine foreland (Handy et al., 2010; Kley & Voigt, 2008; Pfiffner et al., 2002).

Kley and Voigt (2008) point out that both the timing and kinematics of intraplate deformation are consistent
with the onset of NE directed Africa-Iberia-Europe convergence around 84 Ma (Figure 2). The authors note
that about the same time N to NE directed shortening in the Moroccan High Atlas (North Africa) com-
menced. Likewise, Mesozoic basins at the southern margin of Iberia experienced a phase of accelerated sub-
sidence, probably in response to tectonic shortening between Iberia and Africa (Froitzheim et al., 1988;
Reicherter & Pletsch, 2000; Vergés & Fernandez, 2012). Kley and Voigt (2008) therefore suggest that at
the onset of NE directed plate convergence, the relatively thin and weak lithosphere of Iberia and Europe
became pinched between the stronger cratonic lithosphere of Africa and Baltica causing distributed defor-
mation across Iberia and Europe including deformation within the Pyrenean realm.

The termination of intraplate deformation has been linked to the Paleocene interruption of north directed
Africa-Iberia-Europe convergence (Figures 2c and 2d; Kley & Voigt, 2008; Nielsen et al., 2007). At present,
the exact nature of this interruption is not clear. For example, some plate kinematic reconstructions indicate
only a slowdown of plate convergence, rather than a full stop or even extension (Figures 2c and 2d; Torsvik
et al., 2008; Vissers & Meijer, 2012). Other reconstructions that show the interruption suggest strike slip
motions between Iberia and Europe during the Paleocene (section 2.1), but conclusive field data from the
Pyrenees that confirm such motions are still lacking. Independently, if intraplate deformation is

DIELFORDER ET AL.

2401



Geochemistry, Geophysics, Geosystems 10.1029/2018GC007840

[2]

understood merely as the effect of plate convergence, the possible inter-

—Ye o Ve H ruption of convergence provides a feasible explanation for the termination
of intraplate shortening. However, from this understanding, the question
arises, why shortening did not continue when convergence restarted at

|E| the end of the Paleocene? In addition, the Late Eocene to Miocene devel-
F, F, opment of the European Cenozoic Rift System document that large parts
—P —HE Lo= H > of Europe experienced deviatoric tension during the Cenozoic phase of
Shear stress Africa-Iberia-Europe convergence. In contrast, the Pyrenean orogeny con-

on fault tinued until the Miocene and Iberia also experienced intraplate shorten-

Frictional ing during the Cenozoic, for example, in the Iberian Range south of the
2 | Fy % Pyrenees (Figure 3; Guimera et al., 2004; Sainz & Faccenna, 2001). The
H 8 |/ Viscous picture that emerges is that Central Europe responded very differently

to north directed Africa-Iberia-Europe convergence during Late

@ Strong coupling: strong
upper plate compression

Weak coupling: weak upper Cretaceous and Cenozoic time. In the following we present a possible
plate compression explanation for the inferred dynamics.

S

—> e PO e

Figure 6. Sketch illustrating the concept of plate coupling. o, and o, are the
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stress resulting from the force Fr. Fy is the plate coupling force and, that is,

the integrated shear stress along the fault dipping at angle 6. See text for The consistency in the kinematics and timing of intraplate deformation

details.

and the onset Africa-Iberia-Europe convergence (Figure 2) suggests that

intraplate deformation was driven by plate boundary compression.

Thereto, the force driving plate convergence must have induced large
compressive stresses into the interior of Europe. The magnitude of the compressive stress that is induced into
a continent depends strongly on the mechanical strength of the plate boundary fault, that is, the main fault
system that constitutes the interface between two converging plates and accommodates the convergence at
the lithospheric scale (Molnar & England, 1990; Wang & He, 1999). To illustrate this dependence, we first
consider a laterally confined, elastic lithosphere of thickness H that is at the lithostatic reference state of
stress, that is, o, = 0, = pgz, where p is the average rock density, g the gravitational acceleration, and z is
depth (Figure 6a). If a tectonic force Fr is laterally applied from one side, the lithosphere is set everywhere
under horizontal deviatoric compression, where the average differential stress Ao, equals Fr/H (Figure 6b).
For Fr = 4 x 10" N/m and H = 80 km, Ao, is 50 MPa. At convergent plate margins there is no continuous
lithosphere, but two lithospheres that are mechanically coupled along the plate boundary fault dipping at
angle 6 (Figure 6¢). The intensity of coupling depends on the plate coupling force Fs, which is the depth-
integrated static shear stress along the fault (Wang & He, 1999). The magnitude of Fg is therefore directly
related to the rheological strength of the fault. The plate coupling force causes horizontal deviatoric com-
pression of the upper plate, where the differential stress away from the plate boundary fault is Ao, = Fs/H
(Wang & He, 1999). If Fs approaches Fr, then the deviatoric compression in the upper plate and the lower
plate are similar and it can be said that the plates are strongly coupled. In other words, Fris effectively trans-
mitted into the upper plate (Figure 6d). If Fs < Fr, then the deviatoric compression in the upper plate is less
than in the lower plate and the plates are weakly coupled (Figure 6e). Thus, only a fraction of Fr is trans-
mitted into the upper plate. We note that the plate coupling force resists plate convergence (van den
Beukel, 1992). If Fris the force driving plate convergence, for example, the push a distant ridge, then plate
convergence would stop if Fs = Fr cos6, because the resistance force equals the driving force. If Fs < Fr cosf,
then the difference between the two drives the underthrusting or subduction of the lower plate.

The above considerations do not provide a full force balance for convergent plate margins and allow only a
first-order estimate of the stress conditions in the upper plate. In particular, the presence of a high mountain
belt affects the stress state in the upper plate, because the gravitational force in the presence of topography
creates deviatoric tension (e.g., Lamb, 2006; Wang & He, 1999). Nevertheless, the concept of plate coupling
describes an elementary relation between Fg and upper plate compression that is of direct relevance for the
dynamics of intraplate deformation in Central Europe, as addressed in the following.
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The intraplate deformation event indicates that the force driving Africa-Iberia-Europe convergence was
effectively transmitted into Europe throughout the Late Cretaceous phase of plate convergence. Likewise,
the termination of intraplate deformation suggests that the transmission of the plate tectonic force into
Europe ceased around the end of the Late Cretaceous. Based on the above considerations of plate coupling
and taking into account that shortening in the Pyrenean realm and in the interior of Iberia continued during
the Cenozoic, which documents a transfer of tectonic driving forces between Africa and Iberia after the Late
Cretaceous, we propose that the inferred dynamics reflect a change in the coupling along the Iberian-
European plate boundary fault. In this sense, coupling along the IEPB fault was strong enough during the
Late Cretaceous to drive intraplate deformation but became insufficient afterward when intraplate deforma-
tion ceased. Given that the plate coupling force depends on the rheological strength of the plate boundary
fault, we suppose that the decrease in plate coupling was related to a rheological weakening of the
IEPB fault.

4.2. Evaluation of the Plate Coupling Force

To examine our hypothesis, we calculated Fs for varying rheological configurations of the plate boundary
fault considering frictional deformation and temperature-dependent viscous deformation. The calculations
were performed for two different settings that approximate the thickness and thermal structure of the litho-
sphere beneath the hyperextended rift system around the early phase of plate convergence during Late
Santonian and Campanian time (Setting I) and around the transition from the Late Cretaceous to the
Paleocene (Setting IT). The thickness of the lithosphere has been adopted from lithospheric-scale restora-
tions of the central Pyrenees from Mouthereau et al. (2014). The lithospheric thicknesses are 40 and 80
km for Setting I and Setting II, respectively (Figures 7a and 7b). To approximate the thermal gradient
beneath the hyperextended rift system, we fitted a geotherm through the model lithosphere (Stiiwe, 2007;
supporting information Table S1). Thereto, we assumed a standard temperature of 1300 °C at the lithosphere
asthenosphere boundary (LAB) for both settings. For Setting I, we adjusted the thermal gradient in the upper
~10 km to ~50 °C/km (Figure 7a). The elevated thermal gradient accounts for the high-temperature meta-
morphism occurring in the exhumed mantle domain in between ~110 and 90 Ma, during which thermal gra-
dients of ~40-80 °C/km persisted within the upper kilometers (section 2.2). Since plate convergence started
only a few million years after the metamorphic event, we can assume that the thermal gradient was still high
at the onset of convergence. For Setting II, we adjusted the thermal gradient in the upper ~10 km to ~30
°C/km (Figure 7b). The lower thermal gradient is assumed because there is little or no evidence for synoro-
genic metamorphism in the Pyrenees. Moreover, these constructed geotherms and the assumed lithospheric
thicknesses are in agreement with numerical simulations presented below (section 4.4).

We quantify Fg by means of an analytical model that computes the static shear stress along a planar fault
cutting through the lithosphere. This approach implies that the fault formed a lithospheric-scale structure
already at the onset of plate convergence. In reality it is more likely that the fault initiated as a new structure
that evolved with ongoing plate convergence. Alternatively, the fault may have also reactivated a rift-
inherited weak detachment fault, as previously suggested (e.g., Jammes et al., 2009). To consider these dif-
ferent possibilities, we calculate Fg by accounting for varying rheological fault strengths. Thereto, we first
assign a rheological strength to the fault that is identical to the pristine strength of the lithosphere, which
can be understood as a fault that starts to develop and is not yet weakened. To describe the strength of the
lithosphere, we distinguish between the sediments covering the rift system (upper 5 km), serpentinized man-
tle (5 km), and mantle lithosphere below (Figures 7a and 7b). For the sediments we assume an effective coef-
ficient of friction (u") of 0.24 that accounts for a normal coefficient of friction () of 0.6 and moderate pore
fluid overpressures within the sediments (pore fluid pressure ratio 4 = 0.6). To account for viscous deforma-
tion within the sediments, we adopt a wet quartz flow (Gleason & Tullis, 1995; supporting information
Table S2). For the serpentinized mantle we assume u’ = 0.06, which accounts for the low effective frictional
strength of serpentinites and moderate pore fluid overpressures (Escartin et al., 2001; Moore et al., 1997). For
the mantle lithosphere we assume ¢ = 0.6 and a dry olivine flow law (Hirth & Kohlstedt, 2003). To simulate a
weakening of the fault, we use a weak fault rheology that is given by 1’ = 0.06 and a wet quartz flow law for
simplicity. We then vary for both settings the depth to which the fault is described by the weak fault rheol-
ogy. Below this depth, the fault has a rheological strength identical to the lithosphere. This approach allows
to account for a possible reactivation of a weak rift-inherited fault structure for Setting I and to mimic
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Figure 7. Analysis of plate coupling force Fg. (a, b) Shear strength envelopes for the lithosphere beneath the rift center for
Setting I and Setting II, respectively. The solutions shown were obtained for a strain rate of 107%s anda dip angle of the
fault of 30°. See text and supporting information for details on the rheological parameters. (c, d) Plate coupling force as
function of depth to which the fault is characterized by a weak fault rheology. The values at 0 km indicate the shear
strength of the lithosphere (L). Dashed horizontal line indicates the force required to drive intraplate deformation

(e, f) Average differential stress (Ao,) induced in the upper 30 km of the upper plate as function of depth to which

the fault is characterized by a weak rheology. Error bars in Figures 7c-7f account for uncertainties in the strain rate
(+0.5x 10 s Y and dip angle of the fault (+5°).

different degrees of fault weakening for Setting II. The force Fg is obtained by integrating the shear stress
along the fault. Although this approach cannot reproduce the exact fault rheology, it provides a first-order
estimate for the magnitude of Fs and illustrates how Fg varies with the rheological strength of the fault.

For Setting I, the strength of the lithosphere is 3.4 x 10'* N/m (Figures 7a and 7c). The strength of a fault that
is not yet weakened would be identical to the strength of the lithosphere. For a fault that is weakened in the
upper 10 km, F is nearly identical to the strength of the lithosphere. This is because we assigned sediments
and serpentinites to the upper 10 km of the lithosphere, for which the assumed rheologies are similar to the
weak fault rheology. If the fault is weakened to depths greater than 10 km, Fg drops rapidly below 1 X 102
N/m (Figure 7c). For Setting II, the strength of the lithosphere is substantially higher with ~12.4 x 10" N/m
(Figures 7b and 7d). For a fault that is weakened within the upper 10-25 km, Fs has comparatively high
values of 6.1 x 10'? to 12.3 x 10" N/m. If the fault is weakened to greater depth, Fs decreases rapidly to
values <1 x 10" N/m.

4.3. Constraints on the Formation and Evolution of the Iberian-European Plate Boundary Fault

If intraplate deformation in Central Europe was caused by plate boundary compression, then the force
required to drive intraplate deformation provides a gauge for the magnitude of Fs that must have been pro-
vided to allow deformation in the interior of the continent. Numerical simulations of basin inversion in
Central Europe indicate that the force required to drive deformation was at the order of ~3-4 x 10"* N/m,
where the exact value depends on the thermal and rheological properties of the lithosphere (e.g., Nielsen
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et al., 2007; Nielsen & Hansen, 2000; Sandiford, 1999). For simplicity, we assume that intraplate deformation
is plausible if Fg > 3 x 10'* N/m and implausible if Fg < 3 x 10'* N/m. We note that the question of whether
a given magnitude of Fg suffices to drive intraplate deformation depends also on how the force is distributed
across the lithosphere and the resultant magnitude of the horizontal deviatoric stress transmitted into the
plate. The inversion of rift basins such as in Central Europe is favored by strong deviatoric compression at
crustal levels, that is, within the upper ~30 km of the lithosphere (e.g., Burov & Diament, 1995). We
therefore calculated for both settings the average differential stress that is induced in the upper 30 km
(Figures 7e and 7f). These calculations serve mainly to illustrate how the horizontal deviatoric compression
varies with the rheology of the fault. We note, however, that the calculated stresses provide only a rough
estimate for the actual stress magnitude in Central Europe, because there was likely some stress dissipation
laterally to the east and west as well as along structural and rheological discontinuities that we cannot
account for here. The transfer of stresses into the far field has been simulated by Nielsen et al. (2007) by
means of numerical spherical stress models and is beyond the aim of this work.

The above constraints on the force required to drive intraplate deformation allow to assess the basic evolu-
tion of the IEPB fault during Late Cretaceous to early Paleocene time. Our findings suggest that at the onset
of plate convergence the strength of the lithosphere beneath the hyperextended rift was only slightly higher
than the force required to drive intraplate deformation (dashed line in Figure 7c). If there was a fault that
was weakened to a depth greater than ~10 km, then Fg would become too small to allow intraplate deforma-
tion in Central Europe. This suggests that there was either no lithospheric-scale fault at the onset of plate
convergence, in which case the force driving plate convergence was directly transferred into Europe, or that
there was a lithospheric-scale fault whose strength was similar to that of the lithosphere. Perhaps, the most
consistent interpretation is that the driving force was initially transferred into Europe but overcame the yield
strength of the lithosphere resulting in the formation of a new convergent plate boundary fault. In this case,
deformation should have been initially distributed across the rift system but progressively localized into a
discrete fault system. We suppose that with the localization the fault started to weaken rheologically.

Around the early Paleocene, Fs must have decreased to a magnitude below 3 X 10*2 N/m to end the
strong horizontal deviatoric compression of Europe. We find that the required decrease in Fg is compati-
ble with a weakening of the fault within the upper ~30-35 km. This suggests that the IEPB fault was loca-
lized and weakened around the end of the Late Cretaceous. In contrast, if the fault were not or only
slightly weakened, the plate coupling force would have increased significantly resulting in an even stron-
ger compression of Europe.

4.4. Numerical Simulation of Hyperextended Rift Inversion

The calculation of the plate coupling force is based on presumptions and simplifications that were made in
accordance with geological data and reconstructions; however, key parameters are not directly accessible.
This relates in particular to the lithosphere thickness and thermal gradient after hyperextension as well as
the localization of the fault within the exhumed mantle domain. Moreover, we treat the IEPB fault for both
settings as a coherent planar structure, which may be inappropriate, especially for the earliest evolution of
the fault. Likewise, the calculations do not account for deformation in the surrounding lithosphere.

To evaluate the robustness of our findings, we performed numerical simulations of the inversion of a hyper-
extended rift system using the thermomechanical finite element model SLIM3D (Popov & Sobolev, 2008),
which has been previously applied in elucidating structures and dynamics of continental rift systems
(Brune et al., 2014, 2016; Brune, Corti, et al., 2017; Brune, Heine, et al., 2017). Parameters are identical to
those of the West Iberian rift model in Brune et al. (2014) with an initial (prerifting) thermal LAB
(1300 °C isotherm) at 105-km depth. In contrast to the previous model, we here reproduce first-order kine-
matics of the Pyrenean region by continuing the simulation with a brief phase of tectonic quiescence that is
followed by long-term shortening. A sketch of the initial setup is given in Figure 8a. During the rift phase,
the model is extended at a rate of 4 mm/year at the lateral boundaries, resulting in a net extension rate of
8 mm/year. Extension stops after 20 Myr. At this stage, a narrow asymmetric hyperextended rift system
has formed with mantle exhumation and limited crustal breakup in the rift center (Figure 8b). After exten-
sion, the model remains at rest for 5 Myr to account for postrift thermal relaxation. Subsequently, the model
is shortened at a rate of 2 mm/year at the lateral boundaries (4 mm/year net shortening rate).
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Figure 8. Setup and key variables of the numerical simulations of hyperextension followed by convergence and inversion, showing in particular the initiation of the
plate boundary fault. (a) Model setup. LAB = lithosphere-asthenosphere boundary. (b) Postrift/preconvergence margin structure. (c-e) Fault kinematics. (f-h)
Strain rate. (i-k) Friction coefficient. (I-n) Geotherms derived from the numerical simulations. Localities of the vertical depth profiles are indicated by the red
arrows in Figures 8c-8e. Orange dashed line shows the geotherms derived from analytical solutions for comparison.

With the onset of shortening the rift domain experiences a phase of distributed deformation along both mar-
gins and within the exhumed mantle domain (Figures 8c and 8f). Along the margins, frictional faulting dom-
inates and reactivates rift-inherited structures (Figure 8i). In the exhumed mantle domain, new conjugate
faults and viscous shear zones form within the upper ~30 km (Figure 8f). Frictional faulting is restricted
to the uppermost kilometers. After ~20 km of shortening, deformation is localized into a single fault that cuts
through the mantle domain and represents the principal plate boundary fault (Figures 8d and 8g). The fault
deforms frictionally in the upper ~25 km and as a viscous shear zone below. Simultaneously, deformation in
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Figure 9. Temporal evolution of the horizontal force Fx applied to extend or
shorten the model at a given rate. Red line is for the reference model (20-Myr
rifting followed by shortening at a rate of 4 mm/year), gray solid line for
alternative model 1 (25-Myr rifting, 4 mm/year shortening), and gray dashed
line for alternative model 2 (25-Myr rifting, 2 mm/year shortening).

fault, we calculated the horizontal force Fx, which is the force required to
extend or shorten the model at a given rate. The force Fy is computed
through vertical integration of the tectonic stress and reflects the bulk
deformation of the entire model lithosphere (Brune et al., 2012, 2013).
The force Fy is therefore not always comparable to the plate coupling
force Fs, which describes the strength of the plate boundary fault only.

Figure 9 shows the evolution of Fx as a function of time. At the end of rifting, Fx drops below ~1 x 10'* N/m
and remains at a low value throughout the subsequent postrift phase, during which the model lithosphere
experiences only limited deformation due to the thermal relaxation. With the onset of shortening, Fy rises
quickly to ~3.5 x 10*2 N/m and remains at this level as long as deformation is distributed across the rift sys-
tem, where the magnitude of Fx is primarily controlled by deformation within the upper mantle (Figure 8c).
As the plate boundary fault localizes, Fy drops to ~1.5 x 10'* N/m. At this stage, deformation is concentrated
along the plate boundary fault and Fx provides an approximate measure for its strength (Figure 8d). After
the localization and weakening of the fault, Fy increases gradually to values >4-5 x 10" N/m (“offside
deformation” in Figure 9). Interestingly, this increase in Fx is not related to deformation along the plate
boundary fault that remains weak (Figure 8e), but mirrors enhanced deformation in the model lithosphere
offside the rift system, especially around the Moho of the lower plate. With respect to the development in the
Pyrenean realm, this suggests that Iberia experienced strong compression during underthrusting. We sug-
gest that this is reflected by the ~NE-SW directed, Eocene to Miocene inversion of Mesozoic basins in the
Iberian chain, south of the Pyrenees (section 3; Figure 3; Guimera et al., 2004). Notably, in the numerical
simulations such an inversion does not occur, because the model lithosphere is not structurally weakened
offside the rift system.

In summary, the numerical simulation corroborates the assumptions made for the analysis of the plate cou-
pling force. In particular, the depth of the LAB and the resultant thermal gradients beneath the rift center
(Figures 81-8n) vary only slightly from the one used for the calculation of Fs (Figure 7). The numerical simu-
lation also indicates a formation of the plate boundary fault in the exhumed mantle domain, consistent with
our assumptions above and previous geological reconstructions (section 2.2). Moreover, the plate boundary
fault develops as a new structure that progressively spreads in depth and weakens with ongoing convergence
(cf. Jourdon et al., 2019), which supports our interpretation of the formation and evolution of the IEBP fault
based on the analysis of Fs.

In the numerical models, the high force transient related to the nucleation of the plate boundary fault lasts
for the first ~3-4 Myr of shortening. In contrast, the geological constraints from the Pyrenean realm and
Central Europe indicate that the high force transient lasted longer, about 15-20 Myr, which suggests that
the localization and weakening of the IEPB fault was slower in nature. To test whether the difference in
the timing relates to the shortening rate or to the magnitude of extension prior to shortening, we performed
two additional model runs. The first model run is identical to the reference model, but the rifting continues
for another 5 Myr, which translates to an additional 40 km of extension (gray solid line in Figure 9). The sec-
ond model run is identical to the latter, but the full shortening rate is reduced by 50% to 2 mm/year (gray
dashed line in Figure 9). Overall, the alternative models show an evolution comparable to that of the
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reference model. Differences exist in the magnitude of Fx and the time required to localize the plate bound-
ary fault (~2-3 and ~5-6 Myr for alternative models 1 and 2, respectively; Figure 9). However, the differences
are too small to explain the inferred disparity between the duration of fault localization in nature and model.
Interestingly, a similar picture emerges from geological and numerical constraints on induced subduction
initiation, that is, the formation of a convergent plate boundary fault and development of a self-sustained
subduction zone in response to convergence (e.g., Stern, 2004). Numerical simulations predict a high force
transient within the upper plate for the first ~2-3 Myr of convergence related to the formation of the plate
boundary fault (Gurnis et al., 2004). For comparison, geological data from the Tonga-Kermadec subduction
zone suggest that the Eocene subduction initiation was associated with ~10- to 20-Myr-long pulse of wide-
spread deviatoric compression in the upper plate driving deformation in the near field and far field of the
fault (Sutherland et al., 2017). This suggests that the localization and weakening of the plate boundary fault
lasted longer than suggested by numerical simulations, similar to our findings. However, whether the dura-
tions inferred for the formation of the IEPB fault and the Tonga-Kermadec subduction megathrust are repre-
sentative for the time needed to form a new plate boundary fault is yet to be understood.

5. Discussion

Our results indicate that the strength of the lithosphere beneath the hyperextended rift system was about 3.5
x 102 N/m at the onset of plate convergence. Compared to normal continental lithosphere with a strength of
more than 10" N/m, the lithosphere was substantially weakened. The numerical simulations show that the
low strength was mainly thermally controlled and related to the shallow LAB resulting from rifting and
hyperextension and associated mantle upwelling. At the same time, the strength of the lithosphere was just
high enough to allow an upper plate compression sufficient to drive intraplate deformation. Notably, these
conditions were directly facilitated by the presence of mantle rocks at or close to the surface. Our findings
further suggest that the lithosphere beneath the Pyrenean realm rethickened and cooled throughout the
Late Cretaceous, which successively increased its strength. Simultaneously, the IEPB fault progressively
localized and weakened. This development of the fault competed probably with the restrengthening of the
lithosphere, which allowed maintaining the strong compression of Europe during Late Cretaceous time.
At the transition to the Paleocene the fault was weakened within the upper ~30-40 km, thus eventually ter-
minating strong compression of Europe and ending intraplate deformation.

5.1. Role of Serpentinization and Rift-Inheritance for the Formation of the Iberian-European
Plate Boundary Fault

Our results suggest that the IEPB fault formed as a new structure and that the formation of the fault in the
mantle domain was to a first-order controlled by thermal weakening of the lithosphere due to previous
hyperextension. This finding is consistent with previous studies that also envisaged a strong thermal control
on the initial accommodation of plate convergence within the mantle domain (e.g., Tugend et al., 2015).
Another factor that is commonly assumed to have controlled the localization of the plate boundary fault
is the partial serpentinization of mantle rocks close to Earth's surface, which reduces the strength of mantle
rocks considerably (Chevrot et al., 2018; Escartin et al., 2001; Roca et al., 2011; Tugend et al., 2014, 2015). For
the evaluation of the plate coupling force, we account for a serpentinization within the upper 5 km of the
mantle lithosphere (Figure 6a). If we replace for Setting I, the serpentinites by normal mantle lithosphere,
then the strength of the lithosphere increases by ~24% from 3.4 x 10™* to 4.2 x 10" N/m (supporting infor-
mation Figure S1), which shows that serpentinization has a relevant impact on the strength of the litho-
sphere beneath the rift center. To further evaluate the importance of serpentinization, we estimated also
the strength of the rifted continental margin, based on the numerical simulations presented herein.
Depending on the thermal state, the strength of the rifted margin is between ~6 x 10'? and ~11 x 10'?
N/m (supporting information Figure S2). These strength estimates are significantly higher than the inferred
strength of the lithosphere in the exhumed mantle domain, irrespective of whether the mantle is serpenti-
nized or not. This suggests that in either case the plate boundary fault should localize in the exhumed mantle
domain, as it is the weakest domain in the entire rift system shortly after hyperextension. We therefore sug-
gest that serpentinization was probably relevant for strain localization in the upper kilometers but did not
condition the formation of the IEPB fault in the mantle domain.
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Alternatively, it was proposed that plate convergence was accommodated by the reactivation of a rift-
inherited extensional detachment fault flanking the exhumed mantle domain (e.g., Jammes et al., 2009).
At present, there is no indication for the existence of such a fault and it is not clear to which depths this fault
potentially extended or what the rheology of this fault was. Our evaluation of the plate coupling force indi-
cates that the reactivation of a weak rift-inherited fault at depths >10 km is inconsistent with the strong com-
pression of Europe. Besides, the numerical models presented herein and in greater detail in Brune et al.
(2014) indicate that weak brittle faults form during hyperextension only in the stretched continental crust
and in the uppermost part of the exhuming mantle, but not at greater depths where the temperature in
the mantle is so high that the mantle deforms in a viscous manner. A reactivation of inherited ductile shear
zones may be problematic, because viscous strain softening is linked to deformation mechanisms, which
depend on the temperature and stress conditions during deformation (e.g., de Bresser et al., 2001). During
exhumation and cooling of rocks the deformation conditions change and inherited ductile shear fabrics
may not remain weak in the changing environment. Moreover, weak shear fabrics may be annealed during
quasi-static recrystallization processes, which would also help to recover the strength of the lithosphere (e.g.,
Matysiak & Trepmann, 2015; Trepmann et al., 2013). We therefore propose that the lithospheric-scale reac-
tivation of a rift-inherited extensional detachment fault is unlikely and was probably restricted to the upper
~5-10 km.

5.2. Differences in the Tectonic Setting Along-Strike the Iberian-European Plate Boundary

Our study focuses on the development of the IEBP fault in the Pyrenees that has a present east-west extent of
about 400 km (Figure 3). However, the present-day extent of the Pyrenees represent only a part of the origi-
nal IEPB that reached from the Bay of Biscay area to Provence (southeast France) where it probably contin-
ued into the Alpine realm (Figure 1b; Lacombe & Jolivet, 2005; Macchiavelli et al., 2017; Roca et al., 2011;
Schettino & Turco, 2011; Séranne, 1999; Stampfli et al., 1998; Tugend et al., 2015). Notably, shortening in
response to Africa-Iberia-Europe convergence is documented all along the North Iberian Margin in the west
to Provence in the east, which suggests an original east-west extent of the convergent plate boundary fault of
~1,000-1,200 km (Leleu et al., 2009; Roca et al., 2011; Tugend et al., 2014). We therefore anticipate that the
transfer of tectonic forces into Europe was not restricted to the present-day Pyrenean realm. For comparison,
the east-west extent of the Late Cretaceous inversion zones in Central Europe is also about 1,000-1,200 km,
which suggests that the transfer of tectonic forces occurred over much of the original extent of the conver-
gent plate boundary. This implies that our principal finding that the compression of Europe was governed
by the evolving strength of the convergent plate boundary fault should also apply to other segments of the
plate boundary. In the following, we address some major differences in the tectonics to the west and to
the east of the Pyrenees.

5.2.1. Bay of Biscay-Cantabrian Mountains

The western continuation of the Pyrenees is represented by the Cantabrian Mountains that strike along the
North Iberian Margin until ~6°-7°W (Figure 3). The North Iberian Margin transitions northward into the
Bay of Biscay, a narrow V-shaped oceanic basin that developed as a failed arm of the Atlantic between
Iberia and Europe throughout the Mesozoic. Compared to the Pyrenean domain, hyperextension and mantle
exhumation occurred earlier in the Bay of Biscay and were followed by seafloor spreading, though the spatial
and temporal evolution of hyperextension and seafloor spreading varies throughout the Bay of Biscay
(Pedreira et al., 2015; Sibuet et al., 2004; Tugend et al., 2014, 2015). In the eastern part of the Bay of
Biscay there was no seafloor spreading, but rifting resulted in the formation of two subbasins; the Basque-
Cantabrian Basin in the south and the Parentis Basin in the north that are separated by a block of
European continental crust, the Landes High (Figure 3). Geological reconstructions of the two basins indi-
cate that rifting lasted in the Parentis Basin from around 130-106 Ma (Barremian to Albian), while it contin-
ued in the Basque-Cantabrian Basin, where it culminated in hyperextension and the exhumation of
subcontinental mantle lithosphere to the surface, analogous to the Pyrenean domain (Tugend et al., 2014,
2015). In the central part of the Bay of Biscay, magnetic anomalies (M3, MO0) suggest that rifting was followed
by seafloor spreading between 124 to 118 Ma (Aptian), but there are no constraints on the continuation of
seafloor spreading after the Aptian (Figure 3; Sibuet et al., 2004). Only in the western Bay of Biscay (west
of 8°W) are magnetic anomalies documented (A34) that indicate seafloor spreading until ~84-80 Ma
(Sibuet et al., 2004; Sibuet & Collette, 1991).
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Plate kinematic reconstructions indicate that convergence between Iberia and Europe in the Bay of Biscay
area started in the Late Cretaceous around 84 Ma (i.e., similar to the Pyrenean domain) except for the area
west of ~7°-8°W, where plate convergence is reported to have started later around the Paleocene-Eocene
boundary (Macchiavelli et al., 2017). East of approximately 7°W, plate convergence was accommodated by
underthrusting Iberia beneath the North Iberian Margin, which was associated with the inversion of the
Basque-Cantabrian Basin and the uplift of the Cantabrian Mountains (Diaz et al., 2016; Pedreira et al.,
2003, 2007; Roca et al., 2011; Ruiz et al., 2017). At the same time, the North Iberian Margin experienced
shortening, which is documented by thrust faulting and reactivation of rift-inherited faults preferentially
within the distal parts of the margin (Alvarez-Marron et al., 1997; Cadenas & Fernandez-Viejo, 2016;
Fernandez-Viejo et al., 2012; Gallastegui et al., 2002; Tugend et al., 2014). The shortening along the North
Iberian Margin has been interpreted to record limited southward subduction of the Bay of Biscay lithosphere
beneath the North Iberian Margin, although this hypothesis remains poorly constrained and disputed
(Alvarez-Marron et al., 1997; Fernandez-Viejo et al., 2012; Gallastegui et al., 2002; Pedreira et al., 2015;
Roca et al., 2011; Teixell et al., 2018). Both the underthrusting of Iberia and the potential limited subduction
of the Bay of Biscay are thought to have started during the Early Eocene (e.g., Fernandez-Viejo et al., 2012;
Pedreira et al., 2015). This timing is, however, poorly constrained, and it remains difficult to understand why
the underthrusting of Iberia and the possible subduction of the Bay of Biscay should have started in the
Eocene and not directly at the Late Cretaceous onset of plate convergence.

The complexity in the extensional history of the Bay of Biscay and the uncertainties in the timing and dis-
tribution of shortening in response to plate convergence make it problematic to directly transfer our findings
from the Pyrenean realm to the Bay of Biscay area without additional data. Independently, the underthrust-
ing of Iberia beneath the North Iberian Margin can be traced until ~6°-7°W and appears in continuity with
the underthrusting of Iberia beneath the Pyrenees (Figure 3; Pedreira et al., 2007, 2015; Roca et al., 2011;
Teixell et al., 2018). We therefore suggest that the fault system that allowed the underthrusting of Iberia
beneath the North Iberian Margin represents the westward continuation of IEPB fault. We further suppose
that the development of this fault started already during the Late Cretaceous as in the Pyrenean domain.
Notably, this does not contradict that the main phase of underthrusting commenced during the Eocene.
To the contrary, this development would be similar to the evolution in the Pyrenean domain, where the
main phase of underthrusting also occurred during the Eocene. If our interpretations are correct, the Late
Cretaceous development of the IEPB fault was probably restricted to ~6°-7°W, which would be consistent
with plate kinematic reconstructions indicating that plate convergence further west started after the Late
Cretaceous (e.g., Macchiavelli et al., 2017).

5.2.2. Eastern Pyrenees-Provence

The present-day structure of the lithosphere beneath the Pyrenees exhibits a pronounced change from the
central to the eastern Pyrenees that is geophysically well constrained by seismic reflection and receiver func-
tion studies (Chevrot et al., 2018; Diaz et al., 2018; Gallart et al., 2001). First, the depth of the crust-mantle
boundary (Moho) beneath the Pyrenees decreases from west to east over a distance of ~130-150 km from
about ~45- to ~20-km depth near the coastline of the Mediterranean Sea. Moreover, the slab of the Iberian
plate that is well imaged beneath the western and central Pyrenees is not imaged on profiles across the east-
ern Pyrenees, east of ~1.3°E. Instead, the imaged Moho beneath eastern Pyrenees is slightly segmented and
varies between ~40 and ~35 km beneath the orogen (Diaz et al., 2018). Both the thinning of the crust and the
missing slab beneath the eastern Pyrenees have been interpreted to document a thermal and/or mechanical
erosion of the lithosphere related to Oligocene to Miocene extension caused by the rollback of the
Tyrrhenian slab (e.g., Gallart et al., 2001; Gunnell et al., 2008; Séranne, 1999).

It has also been suggested that the present-day Moho beneath the eastern Pyrenees preserves, in part, the
original crustal structure at the end of the Pyrenean orogeny, in particular in the absence of the Iberian
slab, implying that there never was an Iberian slab in the east (Chevrot et al., 2018; Diaz et al., 2018). This
interpretation considers recent reconstructions of the postrift architecture of the eastern Pyrenees, which
suggest that hyperextension resulted in the formation of two major subbasins that were separated by
small continental blocks, now preserved as the North Pyrenean massifs (Clerc et al., 2015, 2016). In detail,
these reconstructions indicate a larger southern subbasin that was floored by exhumed mantle rocks and
a northern subbasin that overlay strongly thinned continental crust. In this light, it has been hypothesized
that this segmented rift structure in the eastern Pyrenees conditioned a more broadly distributed
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deformation during the orogeny and that plate convergence was accommodated by the closure of the rift
basins (Chevrot et al., 2018; Diaz et al., 2018). Moreover, it has been suggested that plate convergence
stopped after the subbasins were closed and Iberia and Europe collided with the continental blocks
between them, which could explain the present-day segmented structure of the Moho in the eastern
Pyrenees (Diaz et al., 2018).

If the above interpretations are correct, then the closure of the two subbasins was accommodated by the
creation of two major fault systems. The geometry of the segmented Moho and the presence of north dipping
seismic velocity anomalies in the overlying crust (Chevrot et al., 2018) that may represent crustal shear zones
are coherent with this conjecture. In this case, our analysis of the plate coupling force and early development
of the IEPB would be most appropriate for the fault system that facilitated the closure of the larger southern
subbasin, which was floored by exhumed mantle rocks. Because plate convergence was distributed more
broadly, this new plate boundary fault did probably not evolve to accommodate subduction of Iberian crust
into the mantle during Eocene to Miocene time. It is important to note that a segmentation of the IEPB may
influence the stress state in the near field but would not affect the general development of plate coupling
considered here.

The continuation of the IEPB east of the Pyrenees was largely obliterated by the Alpine orogeny and the
Oligocene to Miocene opening of the Gulf of Lion and therefore remains speculative. Nevertheless, the
Provence fold and thrust belt is generally accepted to represent the northeastern continuation of the north-
ern Pyrenees (Séranne, 1999; Stampfli et al., 1998). This fold and thrust belt records Triassic to Cretaceous
extension, followed by Late Cretaceous to Eocene N-S directed shortening (Bestani et al., 2016; Leleu
et al., 2009; Mauffret & Gorini, 1996). Recently, up to 2,000 m of Apto-Albian strata have been reported off-
shore Marseille by Fournier et al. (2016), suggesting that Apto-Albian major rift system continued east from
the Pyrenees (see also Tavani et al., 2018). Whether the rifting resulted in the exhumation of mantle rocks
and limited crustal break up as in the Pyrenees is not clear. However, we may suppose that the Late
Cretaceous to Eocene tectonics of the Provence area requires an eastern continuation of the IEPB fault
and that the earliest evolution of the fault was comparable to the one further west.

5.3. Effects of Plate Coupling on the Early Tectonics in the Pyrenees

Our study establishes a linkage between formation and rheological evolution of the IEPB fault and defor-
mation in the far field, that is, in Central Europe. The development of the fault must have also governed
the deformation in the near field of the plate boundary. In the following we summarize some major
aspects of the earliest tectonics in the Pyrenees that we interpret to trace the rheological evolution of
the IEPB fault.

The inversion of the rifted continental margins of Iberia and Europe indicate an immediate response to the
onset of Late Cretaceous plate convergence. The inversion took place before the actual margins collided and
was accompanied by the northward thrusting of the metamorphic sediments that originally covered the
exhumed mantle domain (section 2.2). In the central to eastern Pyrenees, the Late Cretaceous inversion of
the European margin accounts for >50% of the shortening (~11 km) that was accommodated in the
Northern Pyrenees until the end of the orogeny (~20 km; e.g., Grool et al., 2018). Likewise, the North
Pyrenean Foreland Basin accommodated ~50% of its total subsidence already during the Late Cretaceous
(first subsidence phase in Figure 2a; Ford et al., 2016; Grool et al., 2018; Rougier et al., 2016). At this stage,
there was not yet a well-developed orogenic wedge that could explain the strong tectonic subsidence as an
isostatic response to gravitational loading of the European lithosphere. The distinct acceleration of subsi-
dence around 84 Ma is difficult to reconcile solely with a continuous postrift thermal relaxation of the litho-
sphere (Angrand et al., 2018) and was probably controlled by the initial inversion of continental basement
blocks along rift inherited normal faults. The distributed deformation and the precollisional inversion of
the European margin and associated development of the NPFB document widespread horizontal compres-
sion in the Pyrenean realm, which is consistent with an efficient transfer of tectonic forces from Iberia into
Europe during the Late Cretaceous.

Around the Paleocene, the mantle domain between Iberia and Europe was closed and the distal Iberian mar-
gin started to underthrust Europe, which suggests that the IEPB fault formed a discrete, localized structure.
Around the same time, subsidence in the NPFB was interrupted by a ~7-Myr-long period that lasted until the
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late Paleocene (second subsidence phase in Figure 2a). This quiet period was characterized by the accumu-
lation of a thin (~100 m), condensed succession and a stagnation of the basin margin. The sedimentary facies
document a reduced clastic input, a low stream energy, and a low relief in the hinterland, indicating that the
inversion of the southern European margin ceased (Ford et al., 2016). This halt of margin inversion is con-
sistent with a weak plate coupling and upper plate compression by the end of the Late Cretaceous.
Interestingly, a similar dynamic occurs in the numerical simulations, where deformation is initially distrib-
uted across the entire rift system but ceases in the upper plate as the major fault localizes and spreads
in depth.

After the Paleocene the tectonics in the Pyrenees changed. Iberia and Europe collided and most of the plate
convergence was accommodated in the Southern Pyrenees, as recorded by the successive accretion of the
Iberian basement units and the propagation of the southern foreland fold and thrust (section 2.2). In con-
trast, the Northern Pyrenees experienced only limited additional shortening by open to tight folding and slip
on existing faults, but there is no remarkable propagation of new thrust faults into the foreland, except for
the Sub-Pyrenean Thrust (Figure 4c; e.g., Deramond et al., 1993; Ford et al., 2016). Moreover, deformation
was mainly generated by backthrusting of the growing pro-wedge rather than to continuous margin inver-
sion and subsidence in the NPFB became controlled by the gravitational loading of the European lithosphere
(third subsidence phase in Figure 2a; Ford et al., 2016; Grool et al., 2018; Sinclair, 2005). These findings are
consistent with a continued low coupling along the IEPB fault and a restricted transfer of tectonic forces
into Europe.

6. Summary and Conclusions

We integrated mechanical considerations, numerical simulations, and geological reconstructions of the
Pyrenean realm to evaluate how the Late Cretaceous formation of the convergent Iberian-European plate
boundary fault affected intraplate deformation in Central Europe. We propose that the fault developed as
a new structure in the hyperextended rift system separating Iberia and Europe at the onset of plate con-
vergence. The initial strength of the lithosphere beneath the rift system allowed a strong coupling of
Iberia and Europe and an efficient transmission of compressive stresses far into Europe. Consequently,
Central Europe experienced area-wide deviatoric compression, which was strong enough to drive intra-
plate shortening within areas of reduced crustal strength. At the end of the Cretaceous, the Iberian-
European plate boundary fault was localized into a discrete lithospheric-scale structure that weakened
rheologically. Consequently, the coupling between Iberia and Europe declined and the deviatoric com-
pression as well as the deformation in the interior of Europe ceased. The termination of deformation
may have been accentuated by a slowdown or potential interruption in north directed Africa-
Iberia-Europe convergence during the Paleocene, but further research is required to better constrain
the nature of this event. Independently, when plate convergence accelerated (or restarted) the coupling
between Iberia and Europe remained weak and there was no other phase of intense deviatoric compres-
sion in Central Europe triggered by the Pyrenean orogeny or Africa-Iberia-Europe convergence. In con-
trast, large parts of Europe experienced deviatoric tension as recorded by the opening of Cenozoic rift
systems. Notably, the formation and evolution of the Iberian-European plate boundary fault exerted also
a strong control on the tectonics in the near field, that is, in the Pyrenean realm. This relates in particular
to the initially broad distribution of deformation, affecting both the upper and the lower plate, and the
subsequent concentration of deformation into the lower plate as soon as the Iberian-European plate
boundary fault was localized and weakened.

On a general note, we find that intraplate deformation occurred in response to a major change in the plate
tectonic framework, that is, due to the onset of plate convergence and the formation of a plate boundary
fault. Similarly, previous studies concluded that intraplate deformation occurred during a rearrangement
of the geodynamic setting (Bosworth et al., 1999; Sutherland et al., 2017). This encourages to view intraplate
deformation events as a record of high force (or stress) transients that occur in response to changes in the
plate tectonic framework, rather than understanding them as general response to convergence and collision.
In this sense, the deformation record of continental interiors may provide a suitable proxy to reconstruct
how the lithosphere reacted to certain disturbances and how its strength evolved in time.
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