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The evolution of the passive Armorican margin (Western France) during the
Neogene and Quaternary was analyzed using field data. The morphology of
the margin attests to a late Hercynian shaping, further deformation during the
Mesozoic mid-Atlantic opening, during the Alpine Orogeny, and ultimately, a Late
Cenozoic uplift, mostly related to an onshore isostatic accommodation in
response to erosion and limited tectonic activity. A very limited strike—slip
dynamic, with very low seismicity, accommodated the Neogene—Pleistocene
N170 strains around the rigid Armorican terrane. The South Armorican domain
and English Channel floor include shear zones that adjusted the Alpine
convergence, facilitating its transpressive slip to the west. The Permo-Triassic
N150 faults were reactivated during the inversion phases that began after the
Bartonian under the distal control of the Alpine convergence and the decrease in
the Atlantic spreading rate after 34 Ma. The Armorican marine platforms were
stable after the late Eocene and slightly subsident, experiencing pulsed episodes
of transient lithospheric doming during the Neogene and Quaternary. Co-seismic
activity onshore without surface rupture was recorded around ~5.3 Ma, ~3.7 Ma,
~2.4-1.2 Ma, and ~400-250 ka, in tandem with an inland exhumation driven by
isostatic adjustment due to an intensification of periglacial erosion at the onset of
the early interstadials or by agriculture. Low-magnitude and ubiquitous shallow
seismic activities seem to be related today to an isostatic uplifted old
brittle—ductile transition due to the accumulation of shearing strain.

KEYWORDS

paleoseismicity, sea level, climate, uplift, erosion, tectonic

Abbreviations: MCSZ, Middle Channel Shear Zone; AUSZ, Alderney—Ushant Shear Zone; NASZ, North
Armorican Shear Zone; SASZ, South Armorican Shear Zone; EF, Eure Fault, Se, Seine Fault; Vit, Vittel Fault;
SO, Somme Fault; (S)VF, (southern) Hercynian Front; WA, Western Approaches; and SA, South Armorican
Platform; HS, Highstand; LS, lowstand; BDT, brittle—ductile transition.
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1 Introduction

The Armorican Massif is a plateau peninsula in Western Europe
(Figure 1), locally covered by Permian, Mesozoic, and Cenozoic marine
sediments in the present day. It is the inheritor of two main Paleozoic
orogenic cycles—the Cadomian and Hercynian—that were related to
oceanic sutures and were founded in a Proterozoic Icartian basement
(around 2 Gyr) (Ziegler and Dézes, 2007; see the synthesis in the work
of Vernhet (2003), Ballévre et al. (2013)).

To evaluate the geodynamics and their regional impact on past
and present-day seismicity, it is important to examine the existing
deep structures that are susceptible to reactivation and that can
modify the morphology of, especially, the coastal platforms. The
current seismicity is low in Normandy but a little higher offshore,
along the faults of the graben system of the English Channel and
along the Armorican shear zones, particularly the southern ones.
Today, the seismicity never exceeds Mw 6 (Sisfrance BRGM-EDF-
IRSN/SisFranc, 2010; SHARE, 2013; see the synthesis in the work of
Beucler et al. (2021)).

MCSZ: Middle Channel Shear Zone; AUSZ: Alderney-Ushant
SZ; NASZ; North Armorican SZ; SASZ: South Armorican SZ; EF:
Eure Fault; Se: Seine Fault; Vit: Vittel Fault; SO: Somme Fault; SVF
and VF: Hercynian fronts; WA, Western Channel Approaches; SA,
South Armorican Platform; dotted area rigid basement; and
stippled window: analyzed zone (see Figure 2).

Global the
stratigraphic record of sea level (SL) change (Cloetingh and Hagq,

tectonics have contributed significantly to
2015). This makes it possible to analyze the recorded signatures of
regional SL change as a way of interpreting the geodynamic
evolution of the terrane. Most stratigraphic deposits represent
regionally increased accommodation space for sedimentation, as
exemplified by the Tortonian and Piacenzian “Red Sands” (Van

Vliet-Lanoé et al., 1998a). An examination of the stratigraphy allows

10.3389/feart.2023.1269598

an analysis of the record of paleoseismicity clusters in the Neogene
and Quaternary. These are represented by various types of fault
offsets and more distal co-seismic processes (Figure 2).

Apart from the major structures active at the regional scale, the
impact of erosion, under the control of climate change, on the uplift
and/or tectonics of Armorica also needs to be investigated because it
poses a potential trigger for seismicity. Following cooling and the
Tortonian lowstand (LS) at 11.6 Ma, it becomes difficult to separate
tectonic signals from the global isostatic accommodation associated
with the major Neogene glaciations.

In this work, we synthesized the Neogene to Quaternary
geodynamic evolution of Armorica and its sedimentary SL
record, along with the erosion and co-seismic activity that has
occurred at the regional scale, based on the

potential uplift mechanisms and evidence for these

regional tectonic evolution from the Late Paleogene to
Pleistocene

« shaping of and sedimentation on the marine platforms that
may indicate vertical displacements

relative stratigraphic positioning of the recorded co-seismic
events with possible rupture, which involved some data
reinterpretation, especially in Normandy

« and the potential source of the present-day seismicity

2 Methods

For the Neogene and Pleistocene, our group carried out a classical
field survey investigation of onshore sedimentary sequences preserved
in quarries, located in tectonic basins, and found along the shore face.
Special attention was applied to sedimentary deformations (faults and
involutions (Figure 2; Figure 3; Figure 4; Figure 5; Figure 6)) and their
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FIGURE 1

(A) Global Tortonian—Pleistocene tectonic setting, updated and modified from the work of Somoza et al. (2021). (B) present-day seismicity of
Western Europe, SHARE, 2013 (Seismic Hazard Harmonization in Europe).

Frontiers in Earth Science

02

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1269598

Van Vliet-Lanoé et al.

10.3389/feart.2023.1269598

7.30W 6.°W 4.30°W 3.0°W

1.30°W 0.0°

1.30°E 3°E

BISCAY GULF

50° N.
49°N

A a8°N

47°N
46°N

45°N
Bas-Vivarais

~—

Faults & shearing

Zones

—— major SZ Variscan Fronts

otherfaults mmm  Bay of Biscaye Rift

o= simple shear —Racyrrent strike slip

H main shortening

FIGURE 2

O Mio-Pliocene faulted basins

Seismic Risks (today)

[ verylow
[ Tlow
[ ] medium

290-275 ka seismic crisis
volcanic record

Xb  co-seismic record

rigid
basement

44— mainextension

Map showing the surface faulting (compiled from the work of Lefort (1975), Ziegler and Dezés (2007), and Ballévre et al. (2013)) related to its origin,

the present-day seismic risk (adapted from the SI-Hex catalog), and the boundaries of the Hercynian Orogeny (black dashes—northern and southern
Hercynian fronts). AUFZ: Alderney—Ushant Fault Zone; BF: Bray Fault; CGSZ: Cancale—Granville Shear Zone; EF: Senonche—Eure Fault; ESZ: Elorn Shear
Zone; FB: Bordeaux Fault; FCSZ: La Fresnaye—-Coutances Shear Zone; KF: Kerforne Fault; LB: Limagne Basin, LHSZ: La Hague Shear Zone; LMFZ: La

Marche Fault Zone; LQF: Le Quessoy Fault; LZFZ: Lizard Fault Zone; LTSZ: Locquemeau-Tregor Shear Zone; MASZ: Monts d'Arrée Shear Zone; MCFZ:
Mid-Channel Fault Zone; MF: Machecoul Fault; MNSZ: Montagnes Noires Shear Zone; NCSZ: North Cotentin Shear Zone; NEFZ: Nort-sur-Erdre Fault
Zone; NASZ; North Armorican Shear Zone; SANSZ: South Armorican Northern Shear Zone; SASSZ: South Armorican Southern Shear Zone; NVF/SVF:
Northern/Southern Variscan fronts; PGSZ: Porspoder—Guisseny Shear Zone; SC: Saintes—Cognac graben; SEF: Seine Fault; SH: Sillon Houiller; SOF:
Somme Fault; STF: Sticklepath Fault; and VF: Vittel Fault; Y-R FZ: Yeu-Ré Fault Zone. Sites: LG: Le Gurp; Mi: Missilac Basin; Pen: Pénestin; Qi: Quiberon;
PH: Pen Hat; TRZ: Trez Rouz; Rg: Réguigny; SM: St-Malo-de-Phily; Re: Rennes Basin; SJ: St Jouan; SV-Es: St Vigor Esquay; Mil: Millieres; Ge: Genéts; LL:
La Londe; Cl: Cléon; An: Anneville; GA: La-Garenne-de-Andelys; CG: Cagny Epinette; Sa: Sangatte; PS: Prah Sands; and BT: Beauvais—Tracey.

relationship with river incision onshore (digital elevation model).
Data acquisition from the field mostly began in the 1980s and has
continued to the present in Brittany and Normandy, supported by
physical dating. Electronic spin resonance (ESR) dating of the
sediments was of prime importance to locate the events in the
geological frame. ESR dating was performed at the Geochronology
laboratory in the Musée d’Histoires Naturelles (Paris) following
standard procedures (Laurent et al, 1998; Bahain et al, 2007),
further completed by some luminescence dating (Quaternary).
They were compared with adjacent regions along the English
Channel and older publications. The dating results are provided in
Table 1 of Supplementary Material. Altitudes are given in NGF (the
general leveling of France).
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Regional appreciation of the erosional budget has been performed
at the coast by the evaluation in one periglacial cycle of onshore cliff
erosion (Lautridou, 1985) or on the shore platform (Van Vliet-Lanog,
1987). Another source was given for chalky substratum by Antoine et al.
(1997) on the base of ESR-dated terraces (Somme River). This system
has been extended in land by the altitude of ESR-dated terraces in the
eastern and south-eastern borders of other Paleozoic massives (Massif
Central and Vosges forelands). The obtained values are coherent with
those obtained by Mazzotti et al. (2020) (Alpine Foreland and Massif
Central). Historical erosion value has been appreciated in Armorica on
the basis of Holocene soil truncation (Van Vliet-Lanoé et al., 1992).

Concerning the available marine seismic lines, we reanalyzed
published or unpublished data in 2018 for the Cenozoic along the
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TABLE 1 Synthesis on the global functioning of Armorica during the Neogene and Pleistocene combination of the tectonic, seismic, and climatic Cenozoic
events in Armorica. In bold, main phases.

EUSTATIC CYCLES NORMANDY AND BRITTANY

NO RAISED
BEACHES

NO RAISED BEACHES

1.8-2.58 Ma Gelasian Waalian Transtensive folding (Riedel)

Seismic activity: Load casts, clay diapirism

SUBSIDENCE SEDIMENTATION : Limited flooding, H Terrace Ice rafting

Seismic activity : Load casts, clay diapirism, water escape,

3.3 Ma MAJOR CLIMATE COOLING, onset of the EAI uplift

3.6 Ma Piacenzian SUBSIDENCE SEDIMENTATION tidal HS+20 m and LS close to late
Pleistocene HS

E. Channel Pliocene open Seismic activity : Transtensive faulting, drag fold, recambent
fold water escape; synsedimetary limited co-seismic activity,

5.3 Ma Zanclean

11.6 Ma Tortonian RELAXATION SEDIMENTATION tidal
11.6-15.9 Ma Langhian-Serravalian RELAXATION SEDIMENTATION tidal
Glaciation 14 Ma TRANSGRESSION

English Channel, offshore of the Cotentin Peninsula, and in Seine The field traces of paleoseismic activity considered in this paper
Bay (Benabdellouahed, 2011) in combination with datasets from the ~ (published in the work of Van Vliet-Lanoé et al. (1997), (2002),
Western Approaches (Evans and Hughes, 1984; Le Roy et al,, 2011)  (2004)) have been partly used in the NEOPAL database (2009) and
and the southern Brittany margin (Thinon et al., 2001). in the work of Jomard et al. (2017). They have been completed and
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water escape’

Colluvial infill.

! Y

Tilting

Suffosion

End Tortonian

Tortonian ( 8 Ma) X Fragmented
bed

FIGURE 3
Transpressive faulting and tectonism, Central Brittany (Oust River, Réguigny Lafarge quarry): (A, B, C) evidence of Messinian transpressive faulting

(N150) and (C) transtensive rupture, probably in riedel, infilled by colluvial infilling (images: Van Vliet-Lanoé).

FIGURE 4

Example of various co-seismic deformations. (A) Pénestin: giant load (8 m wide) with lateral wrinkling (arrow) in saprolite with wrinkling, 275 ka
earthquake (SASZ). (B) St-Malo-de-Phily: a set of vertical fractures in consolidated sands up to 3 m height (organs) above a reactivated SASZ fault line,
leached by precipitations, probably Early Pliocene ot lzte Messinian. (C) Reguigny basin: classical load casts (<1.4 Ma). (D) St Jouan (NASZ): water escape
pipes in Messinian gravel and the Early Pliocene, faulted after consolidation (images: Van Vliet-Lanoé).
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FIGURE 5

saprolite

Shale diapirism. (A) Trez Rouz: MIS 15 peat injected in shaley slope deposits. (B) Landerneau: extrusion of a Gelasian tidalite in a terrace gravel. (C)
Pénestin: saprolite extruded on each side of estuarian and fluvial complexes (400-300 ka) (images: Van Vliet-Lanoé).

revised by our more recent observations (e.g., from Penestin in
2009 and Trez Rouz in 2019). They also have been analyzed here in
the context of new stratigraphic reinterpretations for the Cotentin
Neogene (see Supplementary Material). The co-seismic features
observed include ruptures, fault offsets and/or flower structures
(Figure 3), dewatering pipes, load casting (Figure 4), and shale
diapirism (Figure 5), all of which have affected the sediments or the
weathered basement (McCalpin, 2009; Van Loon, 2009).

2.1 Remarks

In Pleistocene Armorican outcrops, paleoseismic features (Van
Vliet-Lanoé et al., 2004; 2019) are often confused with those
resulting from periglacial activities only (cryoturbation) due to
their converging morphologies as load
attributed to cryoturbation (Lautridou, 1985; Vandenberghe et al.,
2016; Bertran et al., 2019).

By opposition, superficial collapse commonly results in
antithetic or listric short faults from lateral slumping. We

casts, commonly

reinterpreted these in terms of periglacial activities, of karstic or
thermokarstic collapse, especially in sands (karst: Baize et al., 2002;
thermokarst: Van Vliet-Lanoé et al., 2017). It is related to Pleistocene
paleo-permafrost melting. Deep-seated active tectonism shows a
fault offset that is accentuated with depth.

The normal to “pseudo-reverse” and “curved” superficial
faulting observed in the Mio-Pliocene Red Sands, with the fault
offset increasing toward the surface, corresponds to a collapsed
hydrolaccolith (thermokarst as in Quaternary), the sandy bottom of
paleo valleys, or lower valley sides in most of Armorica (Figure 6).

Frontiers in Earth Science

3 Data
3.1 Geologic setting and climate evolution

3.1.1 Paleozoic and Mesozoic heritages

In regions of Southern Europe and North Africa, the Armorican
Massif was part of the North Gondwanan margin during Paleozoic
times. The development of the Cadomian Orogeny came from the
subduction of the Celtic Ocean crust (north of Brittany) beneath the old
Icartian continental edge. This resulted in a back-arc basin and an active
continental margin during the Late Proterozoic (Ballevre et al., 2013).
The closing of the Celtic Ocean basin led to the rise of the Cadomian
Cordillera and its over-thrusting onto the continental margin (see the
synthesis in the work of Ballevre et al. (2013) and Baptiste (2016)).

This led, with some metamorphism, to the formation of the old
Cadomian rigid block. The major shaping of the Armorican
basement was related to the Late Paleozoic Hercynian Orogeny.

This resulted from the stacking of continental masses during a
continuous period of collision, first in the north, during the closing
of the Rheic Ocean (NASZ), and then, in the south, leading to the
formation of the SASZ (Ballevre et al., 2013).

The Armorican basement was further reworked in a southerly
directed Hercynian fold-and-thrust belt (Le Gall et al., 2014). The
Paleozoic crust was stepwise reactivated from the Pennsylvanian
through the Permian, first by an aborted rifting, initiated during the
Pangea breakup, and then by the opening of the Central Atlantic
Ocean (Kristoffersen, 1978; Chadwick et al., 1989; Srivastava and
Verhoef, 1992; Faure, 1995). This led to the onset of the westward
deformation of Armorica, with its extensive N180 and N150E faults
and crustal thinning. To the north, the inherited offshore
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Thermokarst on slope

Gelasian (2.4 Ma)

Piacenzian

FIGURE 6

Faulting related to thermokarst collapse. (A) Reguiny: thermokarst deformation near the foot of a gentle slope. (B) Typical shallow fractures for
thermokarstic activity. (C) Typical collapse of a hydrolaccolith. (D) Rennes Basin (La Frelonniére) fractured basement related to permafrost melt (images:

Van Vliet-Lanoé).

Alderney-Ushant Fault Zone (AUFZ) and the Middle Channel Fault
Zone (MCFZ), as shown in Figure 2, reactivated as normal faults,
forming onshore and offshore E-W Permo-Triassic passive-
extension basins, such as the Weald Basin and the Porcupine
Basin, SW of Ireland (Calves et al., 2012).

Triassic and Early Jurassic faults (230-200 Ma) outlined an
emerging Brittany and highlighted a clearly pre-Biscayan rift
along the southern Armorican margin. The Western Channel
Basin was aligned with the Late Jurassic North Atlantic Ridge
(Hallam, 1971), extending to the southern North Sea. A regional
E-W major extension occurred from 170 Ma with an accelerated
phase of rifting (Miiller et al., 2008), followed by the mid-Atlantic
opening (Calves et al., 2012; Greiner and Neugebauer, 2013) that led
to the mid-Cretaceous inversion (125-100 Ma, Aptian-Albian).
This last phase of rifting (Delanog, 1988; Bois et al, 1994;
Thinon et al.,, 2001) led, in the west, to an inversion of the entire
English Channel, including the Weald Basin, with the reactivation of
the N150 and N180 fault zones. The mid-Atlantic rifting began to
slow down from 120Ma, with the oceanic break-up then
propagating eastward, into the Bay of Biscay (Martin-Chivelet
et al,, 2019), accompanied by extreme lithospheric thinning with
an ENE-WSW extension trend (Thinon et al., 2001; Jammes et al.,
2010). This event created a half-graben along Armorica (Delanoé,
1988; Bois et al., 1994), with the southern Armorican shelf behaving
as a passive margin (seismic lines SWAT 6-7) (Thinon et al., 2001)
with the continuation of the inversion and the reactivation of the en-
echelon strike-slip faults of the AUFZ and MCFZ systems along the

Frontiers in Earth Science

Western Approaches and the western English Channel (Figures 1, 2)
(Jammes et al., 2010; Le Roy et al., 2011).

Renewed acceleration of the mid-Atlantic spreading rate
developed between 120 and 84 Ma. Post-rift thermal subsidence
of the southern Armorican margin began along the Bay of Biscay
between 80 and ~65 Ma in the Late Cretaceous, in association with a
renewed slowing down of mid-Atlantic ridge formation. A third
regional phase of inversion and an S-N extension occurred between
95 and 65 Ma (i.e., the Laramide tectonic phase) (Bergerat, 1987),
which accentuated the relative emersion of the rigid Cadomian
basement of Armorica. The relief created allowed the erosion of
Mesozoic saprolites (Wyns, 1991) and the deposition of
Cenomanian sands to the east of Armorica.

The morphology of Armorica attests to a major shaping issuing
from the second main inversion, which deformed the post-
Hercynian peneplain, mostly from ~110 Ma. At this stage, most
of the coastlines were already close to where they are now (Renouf,
1993), except for relief and flooding. Pre-existing Jurassic faults were
again reactivated and remained the basic control system for Neogene
and Pleistocene seismicity.

3.2 The Cenozoic

3.2.1 Paleogene and Neogene regional evolution
A major NW-SE to N-S shortening phase took place, related to
the Pyrenean Orogeny that occurred in Western Europe during the
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Eocene (from 48 to 43 Ma) (Hillis, 1995; Parizot et al., 2021). An
important and fourth inversion occurred a little after the Bartonian
(40-39 Ma), with a renewed reactivation of the old Permo-Triassic
N150 fault systems (Wyns, 1991; see the synthesis in the work of
Ziegler and Dezes (2007) and Le Roy et al. (2011)). The Bartonian
crops out along the coasts of Brittany, in the Seine Estuary
(Benabdellouahed, 2011) (Figure 8A). The Hampshire-Dieppe
Basin mostly subsided during the Bartonian (Paquet et al., 2023).
Subsidence of the southern Armorican margin along the Bay of
Biscay accelerated from the Eocene, as also in the Western Channel
(Andreiffe Evans and Hughes, 1990; Lericolais et al., 1995; Le Roy
et al,, 2011), with major fault activity taking place in the MCFZ. In
the southern Rennes Basin, sedimentation began at ~40 Ma (Bauer
et al,, 2011).

A change in stress direction occurred in the very late Eocene
(~35Ma) (Martinez et al, 2020), with the opening of the NE
Atlantic, synchronized with the late Alpine phase. This E-W
extension, related to the North Atlantic widening, allowed the
development or enlargement of rifts across Europe (Bergerat,
1987; Cloetingh et al, 2008). In Armorica, the inversion led
onshore, to the reactivation of Permo-Triassic N180 and
N130 faults, creating a series of early Oligocene pull-apart basins
in Brittany, such as those along the Quessoy-Nort-sur-Erdre Fault
Zone (Figure 4) or the Western Channel and Western Approaches
(Figure 1B). Basin subsidence continued generally at that time in the
western English Channel (Figure 2), the Hampshire-Dieppe Basin
(see the synthesis in Paquet et al, 2023), and the North Sea
(Vandenberghe, 2017). The following Oligo-Miocene inversion in
Armorica (~30-23 Ma) uplifted The Hague, Jersey, Central Brittany,
and the Iroise Plateau horsts (Ushant Islands). Onshore, the horsts
in Brittany were overall transpressively uplifted from the Chattian
(23 Ma) (see the synthesis in the work of Guillocheau et al. (2003)) as
also offshore from seismic lines (Le Roy et al., 2011) (Figures 1A, 4).

During the Oligo—Miocene, the shortening shifted to N150 (Jura
Orogeny), regionally limiting the inversion process during the
transient transpressive doming of Western Europe. An NE-SW
shortening developed 18-16 Ma ago, as recorded in the Alps (Besson
et al., 2005; Stoker et al, 2005) and in the northern Pyrenean
Foreland (Parizot et al., 2021)—a feature related to the shaping
of the Straits of Gibraltar (Civiero et al., 2020). A limited relaxation
in this doming developed in Armorica from the Langhian (see the
synthesis in the work of Van Vliet-Lanoé et al. (2002) and
Guillocheau et al. (2003)), with marine invasions occurring
regionally (Durand, 1949; Bauer et al,, 2016).

From the Late Miocene (14 Ma), the shortening shifted back to
an ~N170 direction (Bergerat, 1987; Heidbach et al., 2016), with a
continuation of the Gibraltar plate convergence. This allowed
regionally some Messinian doming and a renewed, albeit limited,
uplift of horsts, such as the Iroise Plateau, alongside further
subsidence in basins, such as the Rennes (Bauer et al., 2016) and
Cotentin (Van Vliet-Lanoé et al., 2002). The last traces of fault
ruptures were recorded in Armorica. Glaciations already occurred
frequently at that time leading to some stratigraphic confusion in
Normandy with the Plio-Pleistocene cooling.

During the Zanclean and Piacenzian, from ~5 to 4.2 Ma in
Armorica, relaxation and disappearance of the Messinian doming
allowed the deposition of tidal clays in the Elorn Valley (Darboux
et al, 2010) and of the main Red Sands, ESR-dated. These usually
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infilled pre-incised Tortonian to Messinian paleovalleys (Van Vliet-
Lanoé et al., 1998a; 2002) were also deposited in a large gulf, the
Carentan/Cotentin Basin (Dugué et al., 2009). From the very Late
Pliocene (from 3.2 Ma) to the Gelasian (2.5-1.8 Ma), Central
Brittany was slightly uplifted due to the onset of Early
Pleistocene doming with valley incision (Van Vliet-Lanoé et al.,
2002), adapted to the N130-N150 fault sets of the Armorican Massif
(Bonnet et al., 2000). Transtensive N150 subsidence of the basins
continued, especially during the Gelasian, as evidenced by red-pink
estuarine clays issued from eroded Miocene red-yellow podzolic
soils in response to recurrent periglacial erosion. In the Western
Channel, no fault reactivation has been observed along the MCFZ
(Bourillet et al., 2003), which is also true in the Gulf of the Seine
(Benabdellouahed, 2011).

The limited Cenozoic inversion events acting on Armorica seem
to have corresponded to both Alpine orogenic events and periods of
slowing along the mid-Atlantic Ridge (Figure 7). This slowing
occurred due to the mantle being dragged by the gravitational
stretching of the solid overlying crust (Mosar et al, 2002),
possibly all the way to the Alpine and Carpathian subduction
fronts (Worum and Michon, 2005; Ziegler and Dezes, 2007).

3.3 Sea level, geodynamic trend, and the
history of the Atlantic coastal platforms

3.3.1 Global sea level and climate

The evolution of the global eustatic signature (Miller et al., 2020) on
long timescales indicates that the tectono-eustatic component has not
decreased by more than 50 m since 60 Ma (Rowley, 2013; Ogg et al,
2016) and is primarily the result of variations in ocean-floor production.
Sea level is also considered stable in volume under the control of plate
tectonics (Rowley, 2013; Cloetingh and Hag, 2015; Cramer et al., 2019)
and under the thermal contraction of the upper portion of the
oceanic mass (Purkey et al, 2014). Glacial storage on
continents, based on the present-day ice extent, represents an
~80 m SL drop (Delaygue et al., 2001). This can be used as a
reference tool for defining the deformations affecting continental
margins or coastal platforms.

Our paleosurface/platform nomenclature completes that of
Bessin et al. (2015).

A first Cenozoic SL fall (estimated to be ~30 m) occurred
from ~44 Ma (Figure 7) (Ogg et al., 2016; Miller et al., 2020)
following the regional onset of relaxation after the last phase of
the Pyrenean Orogeny in Europe and the worldwide initiation of
glaciations in both hemispheres. Decreasing second-order steps
in the global SL drop resulted from ice-sheet storage from the
Oligocene, as highlighted by the oxygen-isotope record (Lisiecki
and Raymo, 2005; Zachos et al., 2001; Cramer et al., 2009)
(Figures 3, 4), in association with lifted reliefs (Japsen et al.,
2014). A second global SL fall, estimated at another 20-30 m
(Oggetal., 2016; Steinthorsdottir et al., 2020), occurred at 37 Ma
in relation to plate reorganization in the North Atlantic (Gaina
etal., 2017; Martinez et al., 2020). These were synchronous with
the progressive opening of the Fram Strait and the onset of the
main Alpine Orogen. A general cooling resulted from ocean-
spreading activities (Figure 7) in tandem with major late Eocene
ice storage on Eastern Antarctica and Greenland at 37-35 Ma
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FIGURE 7

Geodynamic and climatic evolution of the central Atlantic during Cenozoic oceanic spreading and platform shaping (the Plio-Pleistocene is not
detailed). (1) Mid-Atlantic spreading rates derived from the work of Le Douaran et al. (1982) and Gaina et al. (2017). (2) Isotopic temperature curve from the
work of Zachos et al. (2001). (3) Sea level (blue and brown curves) according to the work of Miller et al. (2020). The two columns in the center reflect the
doming episodes (in brown) and the shaping phases of the platforms (arrows). See the text for the nomenclature. The last column is a global record

of climate and weathering (Durand, 1949; Wyns, 1991).

and 34-32 Ma, respectively (Figure 7) (Eldrett et al., 2007;
2008; Tripati and Darby, 2018; Xia et al,
2021). This period led to a step-like resurfacing of the main
regional surface (PS6) in association with a ~50 m global SL fall
(Miller et al., 2020).

The Greenland inland glaciers developed from 34 Ma onward
(Table 1) (Tripati and Darby, 2018). The true Nordic ice sheet that

Schouten et al.,
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reached the coast has been recorded on eastern Greenland’s passive
margin at close to ~9 Ma only (Table 1). Seven worldwide climate
cooling phases (at 14, 11.8, 9.0, 6.7, 5.9, 5.5, and 4.7 Ma) have been
recorded along the Miocene (Herbert et al., 2016; Ogg et al., 2016; Xia
etal,, 2021). The major Pleistocene cooling began at 3.2 Ma alongside the
beginning of the Pleistocene uplift of the North Atlantic margin (see the
synthesis in the work of Zachos et al. (2001) and Japsen et al. (2014)).
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-0.80

DEM. The rigid crustal bodies are uplifted in horsts. (A) Extensive coastal platforms bordering the Armorican Massif (in red) (HOMONIM project digital
elevation model). (B)) Close up of the Cotentin Basin (in green), St Vigor Basin (SV), Rennes Basin (RB), and topographical control of the complex SACZ in
limiting the continental margin of the Gulf of Biscay and inland basins, such as the Rennes Basin, which is also controlled by the Quessoy—Nort-sur-Erdre

(QN) N150 fault.

The maximal Neogene extent of permafrost seems to have
occurred around 6-5Ma in Eurasia, according to Gilichinsky
et al. (2007). It is thus possible that periglacial and sea-ice
abrasive activities (Hallégouét and Van Vliet-Lanog, 1989)
developed regionally, at least from the Upper Miocene. Also, the
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normal to “pseudo-reverse” superficial faulting observed in Middle
Pleistocene sands in eastern France revealed it to be of thermokarstic
origin (Van Vliet-Lanoé et al., 2017). Faults with an offset that
increases toward the surface should correspond to a collapse with
thaw ice body consolidated in drained sands (valley side), as at St
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Vigor (Cotentin Basin), in the Rennes and Reguigny basins
(Figure 6). Converging figures occur on karstified chalk at La
Londe and Valmont (Seine Estuary). As regional periglacial
activity set in from the Upper Miocene, it is possible that
permafrost—at least in a discontinuous form—had already
occurred early in Brittany and the Cotentin Basin (Figures 6, 7).

3.3.2 Sea level and regional platform shaping

Climate cooling and SL falls created the conditions for at least
two main platform reshaping occurrences from the pre-Oligocene
pediplanation surface (PS6 ~+100m) and the Late Paleogene
polygenetic surface (PS7-1) close to ~+50 m onshore (Figure 7)
(Ogg et al., 2016), corresponding to the deeply weathered +50 m
terrace in the Cap de la Hougue (Figure 8) despite an attribution to
the Middle Pleistocene (Coutard et al., 2003). Cooling with falling
global SL continued after 38 Ma, reaching the present HS level and
resulting in a polygenetic Neogene platform (PS7-2 and 3) (Figures
7, 8). The shaping of this surface along the Atlantic margins
generally accelerated during the Neogene because of a pulsed
spreading of the North Atlantic Ridge, offshore storminess, and
sea-ice abrasive activities since the onset of the glaciations (Mosar
et al.,, 2002; Japsen et al., 2014; see the synthesis in the work of Van
Vliet-Lanoé and Guillou (2021)).

3.3.2.1 PS6

The overall morphology of the Armorican and English
Channel systems already existed before the late Cenomanian
doming (Renouf, 1993; Wyns et al., 2003; Bessin et al., 2015). The
first main platform (the Armorican PS), here referred to as PS6,
extended to ~+100 m (Durand, 1949; Delanoé et al., 1976; Baize,
1998; Ziegler and Dezes, 2007; Bessin et al., 2015). Long-term,
low-amplitude, transpressive doming during the Paleogene
resulted in limited uplift, which led to the emergence of
and further
subaerial weathering, that was partly inherited from previous
emersion episodes (Durand, 1949; Wyns, 1991). The PS6 shaping
ranged from at least the base of the Cenomanian (~100 Ma) to the

Armorica pediplanation, under subtropical

late Bartonian or early Priabonian (37 Ma) (Figure 7). Late
Eocene and early Oligocene transtension wrenched the area
(Durand, 1949; Duperret et al., 2016), resulting in faulting in
the Bartonian (Lefort, 1975; Delanoé et al, 1976;
Benabdellouahed, 2011; Paquet et al, 2023). Delanoé et al.
(1976) that the
unconformably on a deformed and faulted Upper Eocene

observed “marine  Oligocene lapped
(<40 Ma), being separated from Aquitanian deposits (23 Ma)
by a younger abrasion surface platform” described here as
PS7-1 (Figure 7), resulting from the truncation of several
meters of a deep saprolite.

A: Audierne platform; AB: anse du Brick; J: Jardeheu; LD:
Landerneau (LD), LZ: Lauzach; LR: Le Rhys; ME: Mesquer; P:
Penestin; PK: Porz Kubu; QB: Quiou Basin; SJ: St Jouan, SP: St-
Malo-de-Phily; SV: Vigor Basin; RE: Reguigny, RB: Rennes
Basin; T: Trégastel, MCFZ: Middle Channel Fault Zone,
AUFZ: Alderney-Ushant Fault NASZ: North
Armorican Shear Zone, SASZ: South

Armorican Shear Zone.

Zone,
and

Offshore of Pénestin, as in most of southern Brittany, this
PS6 platform is partly flooded close to the present-day SL today,
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south of the SASZ, dipping toward the Bay of Biscay and the
Western Channel (Figures 8, 9) in relation with the post-rift
thermal subsidence.

3.3.2.2 PS7-1

The PS7-1 lower tidal platform (Figure 7) was most probably
shaped between 33.9 Ma (Glaciation O1) (Ogg et al., 2016) and
28 Ma (Early Miocene). This surface persists today all along the low,
coastal peri-Armorican Platform (Figure 8A), where it is often, from
our observations, delimited by a degraded fossil paleocliff (10-40 m
high). This corresponds to the region in Brittany known as the “cote
a écueuils” (Battistini and Martin, 1956), which has been mostly
cleared from the clayey saprolite to the north of Armorica. This
platform at Trégastel (Figure 9) exhibits reefs bearing large “piped”
weathering scars on a +5m NGF platform bounded by a deeply
weathered paleocliff at +35 m height. This also occurs from our
observations along the north-western Cape de La Hague, on the wide
Auderville weathered platform, the
paleobeach at Jardeheu (gibbsite in the beach matrix (Van Vliet-
Lanoé, 1987), and on the Anse du Brick, a consolidated and
weathered raised beach ridge (east of Cherbourg) (Figure 1B;

on weathered-boulder

Figure 4A; Figure 5), all of which were further reshaped during
the Middle Pleistocene (Van Vliet-Lanoé and Guilloou, 2021).

3.3.2.3 PS7-2 and PS7-3

The platform shaping along the Atlantic margins, thus,
accelerated during the Neogene and Pleistocene due to doming/
uplift events and occurred alongside the formation of glaciers during
the onset of the glaciations (Japsen et al., 2014; Van Vliet-Lanoé and
Guillou, 2021).

Partly emerging (doming and weathering) between 28 and
21 Ma, PS7-2 was, during the early LSs, related to the Miocene
glacial events (between 23 Ma to 10 ka) (Ogg et al., 2016), sometimes
flooded and following us, efficiently wave-abraded, supplemented by
early sea-ice action and periglacial activities (Figure 7). Plate
motions, such as the Middle Miocene closing of the Balboa
(Montes et al., 2015) and Gibraltar straits (Krijgsman et al,
2018), also occurred at this time.

The last platform reshaping (PS7-3) started to develop during the
Late Miocene LSs (14-6.7 Ma), as recorded at the base of the Cockburn
Formation in the Western Approaches (Evans et al.,, 1990; Le Roy et al,,
2011). The onset of PS7-3 occurred in Armorica with re-flooding of the
onset of the Langhian-Serravallian relaxation and in the Tortonian,
between 14 and 9.0 Ma (Van Vliet-Lanoé et al., 2002; Guillocheau et al.,
2003), being interrupted by Upper Miocene glaciations (Herbert et al.,
2016; Ogg et al., 2016). These coolings were recorded here by ice-rafted
blocks and probably sand wedges as far south as Pénestin (Van Vliet-
Lanoé et al,, 2009). This continued into the Pliocene, with a renewed
glacio-isostatic SL fall of ~30 m (Figure 3) (Miller et al., 2020), with the
same geometry and altitude as the Middle Pleistocene to present-day
coastal HSs (Van Vliet-Lanoé et al, 2002). These Neogene and
Pleistocene cooling stages also resulted during LS in the incision of
inland Western European valleys, first down to the base of a Late
Miocene Middle Terrace (Van Vliet-Lanoé et al., 2002), as also recorded
offshore along the subsiding southern Amorican margin (Van Vliet-
Lanoé et al., 2009; Paquet et al., 2010).

During the Plio-Pleistocene, the worldwide marine HS is
considered to have always been close to that of the present day
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FIGURE 9

(A, B) Weathered platforms—the (A) lower PS7-1 and (B) higher PS6-2 (+35 m)—in the weathered Ploumanach Granite (Trégastel). (C) Deeply
weathered platform (indicated by gibbsite) with deformed cobbles at Jardheu Point (northern Cotentin), intermixed at the top with MIS 5 cobble beaches
(from pedostratigraphy). (D) Deformed and faulted saprolite on gneiss at Pénestin (Mine d'Or), reshaped by a Late Miocene LS (6.7 Ma) and Early Pliocene
Red Sands (LS), truncated by Gelasian clays, and by a 400-kyr-old tidal channel and a 300-kyr-old LS periglacial alluvial terrace (see Supplementary

Material) (images: Van Vliet-Lanoé).

(£10 m) (Miller et al., 2020). The increase in the amplitude of
glacial-interglacial cycles from 700 ka marked an increase in the
severity of glaciations and, thus, an increased ice storage during
LSs, the Middle Pleistocene Event (MPE) of the work of Clark
et al. (2006) (Tablel) with an apparent drop of approximately
~50 m for LSs in the decreasing global SL due to a major glacial
event, the MIS 16 (Van Vliet-Lanoé et al., 2021; Hodell et al.,
2023). The strongest glaciations attested to by the marine
oxygen-isotope (MIS, based on 8'®0) records were MISs 10,
12, 16, and 20 (Lisiecki and Raymo, 2005, 2016), but possibly
also due to ice storage in the permanent permafrost in the NH
(Van Vliet-Lanoé et al., 2024 accepted).

Data from western Iceland attest to the initial shaping of the
now-flooded (to approximately 100 m deep) PS7-1 surface during
the long stable stand from the O1 Oligocene glacial LS (~33 Ma)
(Liebrand et al,, 2011; Ogg et al,, 2016; Xia et al,, 2021) (Table 1;
Figure 7). This surface was drowned by thermal subsidence after the
formation of the Iceland Plateau around 20 Ma (see the synthesis in
the work of Van Vliet-Lanoé and Guillou (2021)). The youngest
peri-Icelandic surface, thus, developed between ~15Ma (Iceland
isolation, from K-Ar dating) and the recent times. This seems valid
for the entire North Atlantic coast (Mosar et al., 2002; Japsen et al.,
2014). This PS7-1 surface has been partly abraded by platform
glaciers, forming a strandflat, but had commonly already been
deeply scoured by ice streams that surged from a ~9 Ma former
fluvial system (Table 1) (Mosar et al., 2002; Van Vliet-Lanoé and
Guillou, 2021). This indicates that the Late Miocene-Pleistocene
platform reshaping in Brittany was not an exception along the
passive margins of the Atlantic Ocean.
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To summarize, PS6 recorded the events in Armorica from at
least the Late Cretaceous through the late Eocene, despite doming
relaxation and the onset of ocean cooling. PS6 has commonly been
faulted and deformed before the Bartonian, onshore as well as
offshore (Andreieff et al., 1972; Andreieff and Lefort, 1972;
Béchennec et al, 2012). The PS7-1 platform was reshaped
between 34/28 and 21 Ma, after the major SL drop (estimated
here to approximately —30m) related to plate tectonics and
glaciation, and from 14 to 1.2 Ma by the LSs (PS7-3) associated
with progressive tectonic doming from 9 to 5.3 Ma (Messinian
Event). The PS6 paleocliffs were eroded retrogressively from
PS7-1 to PS7-3, with the formation of steps, notches, coastal
caves, and periglacial slope deposits (screes) as at the coast at
Porz Kubu (Crozon peninsula) and Le Rhys (Douarnenez),
further stained during the Tortonian by a Fe-Mn ortsein
(Figures 3 and 10) as at Pénestin. The PS7-3 coastal platform
and cliff reshaping developed from the Early Miocene (~11 Ma)
as an LS, reactivated in association with a potential relaxation of the
Messinian doming. From 700 ka, after an apparent SL drop of 30 m
based on fluvial archives (Middle Terrace), a renewed reshaping of
the PS7-3 platform took place as HSs at least eight times based on
dated coastal deposits (Van Vliet-Lanoé et al., 2021 and 2024).

3.3.3 Coastal and fluviatile indices for discrete
doming events

Regionally, mostly fluviatile onshore Upper Miocene HS
deposits apparently reached 80-100 m in central Brittany and
northern Cotentin, as on the uppermost terrace of the Oust River
(Le Pouho-La Hye), and in the Réguiny Quarries (Blavet River)
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FIGURE 10

Global stratigraphy of the sedimentary, tectonic, and climatic record for Armorica. The doming intensity is marked in gray.

(Table 1) (Van Vliet-Lanoé et al., 1998b; 2002). This has led to the
attribution of these deposits to continuous tectonic uplift (Coutard
et al,, 1991; Bonnet et al., 2000; Pedoja et al., 2018) or to a transient
doming linked to tectonic pulses transmitted at the boundary of the
Europe-Africa convergence (Alvinerie et al., 1992; Van Vliet-Lanoé
et al,, 2002; Guillocheau et al., 2003; Dugué et al., 2009). Successive
transient doming events (Burdigalian-Langhian, Messinian, and
Late Pliocene-Middle Pleistocene) caused bulging in Armorica,
interrupted by relaxation episodes (early Tortonian, Zanclean,
Late Pliocene, and possibly, Middle Pleistocene) (Figure 10) (Van
Vliet-Lanoé et al., 2002; Guillocheau et al., 2003).

3.3.3.1 Evidence of the Messinian doming and tectonism
in Armorica

In the Quiou quarries (NASZ) (Figure 10), the Savignean crags,
including an orstein, were N150 faulted before the deposition of the
“Red Pliocene Sands” (Néraudeau et al., 2003; Néraudeau, 2007).
The base of these Tortonian crags (Biagi et al., 1996) yielded an age
of 11 Ma based on ¥Sr/*Sr at Doué-la-Fontaine and Savigné (Loire
River) (Barrat et al., 2000), indicating the end of the Ser 4 LS
(11-11.6 Ma)—a third-order sequence (TOS) (Hardenbol et al,
1998; Miall, 2010).

At Pénestin (Figure 2), in the Vilaine estuary incised into the
weathered basement to +4 m NGF, an old goethite-cemented cobble
deposit (orstein) recorded ghosts of Fenestellidae bryozoans. This
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suggests locally an early Tortonian LS close to 11.6 or 9 Ma (Van
Vliet-Lanoé et al., 2009). Onlapping this orstein is a frost-jacked
cobble beach with ice-rafted blocks at +6 m NGF. This “cold” beach
yielded an ESR date of 6.7 Ma, equivalent to the first Messinian
cooling event (Van Vliet-Lanoé et al., 2009; Herbert et al., 2016; Van
Vliet-Lanoé et al., 2019). Here, a transgressive Pliocene estuarine
channel (Red Sands) has lapped onto the dated LS (Van Vliet-Lanoé
et al,, 2009), finally onlapped by Gelasian tidal red clays (Figure 10).

This is clearly visible nearby at St Congar (+30 m NGF), on the
Oust River, incising the already uplifted SASZ (Figure 8): a
Tortono-Messinian Middle Terrace is consolidated by orstein.
This terrace is buried by Gelasian rubified screes as also at the
coast for the Tortonian to Gelasian shore face complexe record at
Pors Kubu. The base of the Pliocene upper Red Sands in the Rennes
Basin was ESR dated at ~ 5.35 Ma (+50 m in Apigné Quarry) (Van
Vliet-Lanoé et al, 1998a; Van Vliet-Lanoé et al., 2002; Bauer
et al.,, 2016).

To synchronize the Brittany and Normandy geodynamical
events, we reanalyzed in the field (1995) the stratigraphically of
the poorly time-constrained Millieres core (1991) in the Cotentin
Basin (Figures 8A,B; Table 1; Supplementary Table SA), Figs. 12, 11,
14), considered to be Plio-Pleistocene in age (Clet pellerin et al.,
1997; Baize, 1998; Dugué et al., 2000; 2009; Paquet et al., 2023). Our
reanalysis in the field (1995) of the lower Milliéres Formation (Fm)
compared with the fair description of Dugué et al. (2000), re-using

frontiersin.org


https://www.frontiersin.org/journals/earth-science
https://www.frontiersin.org
https://doi.org/10.3389/feart.2023.1269598

Van Vliet-Lanoé et al.

the cold-water foraminifera data (see Millieres discussion in
Supplementary Figures S11, S12, S14)), resulted in a cool
Tortononian signature, as for the lower Savigean/Tortonian crags
(Courville and Bongrain, 2003), and the faulted Savignean Quiou
crags, in Northern Brittany (Figure 10). Normal faults are locally
pre-stained with orstein in the lower Milliéres Fm at Périers (see
image NORO1-3 in the work of Baize et al., 2002), and Lessay, locally
on crags, suggested a Tortonian cold age for it as shown in the field
by some ice-rafted blocks observed near the top. The lower Milliéres
Fm may potentially fit the 11-Ma cooling equivalent to the base of
the LS tidal channels of the Loire River (Barrat et al., 2000) or the
6.7-Ma cooling and LS dated at Pénestin (Van Vliet-Lanoé
et al., 2009).

Thus, the lower Millieres Fm should correlate with the
Torl TOS, as at Réguigny (>7.0 Ma). Various such faults were
further reactivated as periglacial sand wedges (Supplementary
Figure S10), as the Lessay tidal sands recorded a sand wedge
generation. Regionally, this implies some Late Miocene coastal
periglacial activity before and after the orstein formation
(Supplementary Material).

The middle Milliéres Fm correlates then with the Piacenzian in
the St Vigor Basin, in conformity with the dating obtained there
(Figure 2) from the upper Red Sands (~3.2 Ma) (Van Vliet-Lanoé
et al,, 2002). This should correlate with the 6.7 (M1 TOS)
(Hardenbol et al, 1998; Ogg et al, 2016), 54 (M2 TOS), and
4.7Ma (Zal TOS) glaciations and the Elorn River record. The
orstein should, therefore, signify the Tor3 TOS (LS) (~7 Ma).

A similar situation existed to the NE, outside of Armorica, on the
Northern Hercynian Front at Wimereux (Boulonnais, Figure 4A;
Van Vliet-Lanoé et al., 1998b and 2010), where there is an LS beach
(+6 m NGF) from <~11 Ma, stained with orstein, similarly to the
nearby faulted or Diestian (Messinian) goethithic coastal ridge
(~+100m at Cap Blanc Nez) (Vandenberghe et al, 1998;
Vandenberghe, 2017) and Aldershot (Weald) (Van Vliet-Lanoé
et al, 2002). Here, the faulted glauconitic sand probably records
the HSs at +30-35 m. The Wimereux orstein LS is laterally onlapped
by Pliocene LS estuarian red sands, (~3.67 Ma at +22 m), which rest
directly on faulted Bartonian-Rupelian (Van Vliet-Lanoé et al.,
2010). This record is very similar to those of the Rennes Basin
(Bauer et al,, 2016) and the paleoestuary of the Blavet River.

The eustatic amplitude between the Messinian LSs and HSs
suggests ~25-30 m as on the Hardenbol et al. (1998) eustatic curve.
In Brest Bay, the Elorn Estuary (Figure 4A) (Darboux et al., 2010)
records the onset of the post-Messinian relaxation, corresponding to
the first warm transgression in the Zanclean following cooling
events at 5.5 and 4.7 Ma (Herbert et al, 2016; Ogg et al., 2016)
and the Zal TOS. A second major climate cooling occurred here,
with aridity between 4.1 and 4.0 Ma in the paleontological record at
Landerneau (Za2 TOS). Following this, transgressive clay containing
boreal vegetation (Morzadec-Kerfourn, 1982) was deposited,
indicating an early Gelasian Upper Terrace at +25 m NGF with a
basal ESR date of ~2.42 Ma (Laurent, 1993).

3.3.3.2 Evidence for Pleistocene doming events

The first evidence for incised Pleistocene rivers was given by the
Oust River High Terrace at the Le Pouho-La Hye site (+68 m NGF),
dated at 3.05 + 0.5 Ma, after the onset of cooling at 3.2 Ma (Ogg
et al, 2016). This relatively recent river network is still immature as
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also the near Blavet River (Van Vliet-Lanoé et al., 1998b), reworking
the older Mio-Pliocene one as also for the Cape of La Hague (Pedoja
et al., 2018). This suggested an ongoing uplift, not necessarily of
tectonic origin.

3.3.3.3 Inactive Plio-Pleistocene tectonic “grabens” or Mio-
Pleistocene large tidal scouring?

The absence of visible offshore ruptures in the confluent and
Hurd Deep zones of the Central Channel (MCFZ) (Bourillet et al.,
2003) or in the Raz Blanchard or Hague Deep (Furgerot et al., 2019;
Paquet et al., 2023) demonstrates that the region is still exclusively
erosive today, with no fault reactivation (Figure 12). The closure of
the seaway in the western Cotentin area (Figure 8B) during the
Oligocene was an important benchmark in the evolution of the
the difference the tidal range between the
“Normano-Breton” Gulf (Lessay) and the Seine Bay (Baie des

region: in
Veys) is currently approximately 6 m, (Service hydrographique et
océanographique de la Marine [SHOM] 2005). This suggests that,
during the Neogene from ~11 Ma, the Cotentin Basin formed a
flooded paleovalley system (Figure 8B), evolving into a Gulf during
HSs with the described deep tidal scours, flasers, and current
megaripples (Dugué et al, 2009), as seen today in the Rhine
Delta (-50 m). The Plio-Pleistocene Marchésieux, Le Boscq, and
St Nicolas de Pierrepont “tectonic grabens” (Clet-Pellerin, 1983)
(Figure 8B) were only investigated in cores, representing tidal
channel infillings guided by late Eocene reactivated faults.

Similar successions shaped in the English Channel the
submarine Hurd Deep and Confluent zones (dominated by
floods due to dam destruction) (Figure 11) (Gupta et al., 2007)
and the Hague Deep north of Cotentin dominated by tidal currents
(Figure 12) (Furgerot et al.,, 2019). This scouring adaptation to the
basement structure is also evident for the Mio-Pliocene Lauzach
Basin (Southern Brittany; Figure 8A), a box-like one, with saprolites
blocks limited by fossil faults, further cleared by tidal currents, and
then infilled with Red Sands (Van Vliet-Lanoé et al., 2002). Tidal
scouring also seems plausible for the St Vigor Basin in Normandy
(present tidal range 6 m, Supplementary Figure S11), which is
the
which  have

constrained by pre-existing Jurassic faults, and for
N150 Rennes and St-Malo-de-Phily basins,
experienced regular marine invasions since the Bartonian (Bauer
et al.,, 2016).

The Hague overthrust, which parallels the AUFZ, has been
considered to have been reactivated as the ‘Jobourg Fault’ during
the

(northernmost Cotentin) was considered as an active N150 fault

recent  Quaternary. Incidentally, at Herquemoulin
scarp (Lagarde et al., 2000; Font et al., 2002) (Supplementary Figure
S$8). In the nearby Ecalgrain Bay, the low platform crossed by this
Paleozoic Fault does not show any recent displacement. Its last
erosional but non-tectonic reactivation took place during late MIS 7,
~190 ka (Cliquet et al., 2009; Figure 12), although it is probably older
given the weathering of the buried platform at the nearby Petit Port
(1 km north of the Herquemoulin site). They were only reshaped as
an old marine cliff (possibly of the Oligocene age), adapting it to the
dip of metamorphic shales or by tidal currents only (Supplementary
Figure S8). The Hague “fault” and the Hague Deep do not show any
Plio-Quaternary reactivation offshore.

This should correspond to the Late Miocene cliff related to the

PS7-3 platform or to the weathered platform at Menez Dregan
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FIGURE 11
Central English Channel. (B—C) location of the studied features. Erosional scours and sediment accumulations along (A) the Hague Deep with the

Raz Blanchard tidal current and (D) the Hurd Deep Confluent Zone. Dotted lines represent paleocliffs. Images are from the HOMONIM project (Service
hydrographique et océanographique de la Marine). Erosion revealed and enhanced inactive Jurassic faults in the Mesozoic basement and large plunge
pools (image D, right), resulting in differential erosion by both tidal currents and giant floods generated by dam rupture (Dover Strait).

(Audierne Bay), which is older than >1.2 Ma (ESR dating in the The only potential source of deep seismicity in Normandy
work of Monnier et al. (1994)) and further reactivated close to 400ka  should be the ~N150 late Hercynian fault zone in connection to
(Van Vliet-Lanoé and Guillou, 2021). the AUSZs that controlled the coastline all along the western
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Geometric synthesis of the raised beaches and Herquemoulin cliffs (conform shale dip) in western Cotentin, presumably inherited from Platform
PS7-2. The upper cliff probably derived from PS7-1, with isostatic accommodation since the onset of the major glaciation at 11 Ma.

and eastern Cotentin. No younger vertical fault reactivation
(rupture) has occurred since the relaxation of the Late Miocene
doming in either offshore or onshore Armorica. This wide
N150 faulted zone was regularly seismically active during the
Holocene (RéNaSS).

3.4 Tectonic and paleoseismic
regional indices

3.4.1 Present tectonic setting

The stress pattern determined by Delouis et al. (1993) and
Amorese et al. (2000) for the Armorican Massif is currently
extensive, close to a strike-slip stress pattern, with a o3-oriented
N35. The strike-slip dynamic accommodates this stress around the
rigid Cadomian Armorica basement across western Normandy and
the Cotentin and through movements in the central Armorican
Hercynian Cadomian domain. These rigid bodies have been almost
stable since 3.2 Ma despite the uplift. Around this domain, shearing
zones sinistrally accommodate the southern plate convergence
inland, following the southern Hercynian Front (SVF) and the
Yeu-Retz Fault Zone (Mazabraud et al., 2005; Beucler et al,
2021). To the north, the shearing has remained sinistral along
the MCFZ, the AUFZ, and the northern Hercynian Front (NVF)
Fault Zone, contouring the rigid bodies (Figures 1, 2).

At present, these rigid bodies are commonly characterized by
very low seismicity (<3.5 Mw) (Réseau National de Surveillance
Sismique [National Seismic Monitoring Network], ReéNaSS),
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although the active shearing zones show relatively frequent
seismicity above 3.5 Mw, with exceptional events of >5 Mw
occurring offshore, or especially along the southern branch of the
SASZ (Beucler et al., 2021). The conjugate N130-N150-N180 late
Hercynian Fault System (e.g., the Quessoy-Nort-sur-Erdre and
Kerforne faults in Figure 2) operates dextrally. Focal mechanisms
have shown dominant transpression. There are two earthquake
groups associated with the system, the first reaching depths close
to 20-35km in the lower laminated crust and the second being
shallower, at ~10-15km depth, especially around the transition
between the English Channel and Armorica. The bulk NW-SE
anisotropy inherited from the Cadomian and Hercynian orogens
has primarily guided this extensive trend, as well as the reactivation
of the major late-stage faults responsible for the Bay of Biscay’s
geometry. Following the orientation of these faults in relation to the
proposed current transpressive stress regime, the main sliding
mechanisms along the faults include

« an inverted mechanism on the N60-N70 faults

o an inverted mechanism on dextral transpression in the
N80-N100 faults

a dextral transpression mechanism on the N130-N140 faults,

but possibly also with normal faulting

vertical N150-N160 faults parallel to the axis of the maximum
main stress that, thus, may not be active

« possible vertical N60-N70 faults perpendicular to the axis of
the maximum N150-N160 horizontal stress, which might also
be inactive in the Cotentin area today
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3.4.2 Neogene and Pleistocene records
3.4.2.1 Offshore seismic lines

The history of the English Channel and the Western
Approaches can be seen in the tectonic activity visible in
offshore seismic lines up to the Upper Miocene. Above that,
these seismic lines do not provide a precise view of the tectonic
timing. It is difficult to determine whether the fracturing or
superficial folding of a thin sedimentary cover correlates to
horizontal ~ or  vertical transtension or  transpression
(Benabdellouahed, 2011). The most recent sedimentary units
have widely been attributed to the Miocene to Plio-Quaternary.
The undisturbed marine “Plio-Quaternary” sedimentary units in
these seismic lines commonly record three to four sub-units
(Benabdellouahed, 2011), sometimes even up to six (Auffret and
1977).

represents six eustatic cycles (Hardenbol et al., 1998), these are

Larsonneur, Because the Tortono-Messinian interval
probably represented by the Cockburn Fm (Upper Miocene) and
possibly the Pliocene Little Sole Fm (Zanclean to Gelasian) under a
thin cover of middle to recent Quaternary (Le Roy et al., 2011). In
the Western Approaches (Le Roy et al., 2011), the Garlizenn—1 core
clearly reveals this succession, based on micropaleontological data
(geological map Ouessant sheet 1/250,000), such as the well-dated
record from offshore of Iberia (Somoza et al., 2021). This seems also
valid for the Cenozoic early history of the Hurd Deep issued from
seismic profiles (Bourillet et al., 2003).

Surface ruptures, sometimes containing giant co-seismic load
casts in deep saprolite, have been observed by us onshore in
association with N60 directions, such as in old quarries in small
basins in central Brittany, and with N45 directions at Avranches (in
the works of the E3 highway). Further evidence exists at the top of
the Jurassic clays close to Saint Come du Mont (Carentan Basin,
E46 highway). All these features are difficult to date.

3.4.2.2 Upper Miocene

Most of the Upper Miocene coastal deposits in Brittany were
transgressive prior to 7 Ma during the early Tortonian and early
Zanclean, guided by the earlier transtensive N-S deformations,
filling small basins at ~+40 m NGF, such as at Missillac and
Lauzauch, and in the prolongation of the SASZ at Le Rhys (+4 m
NGF, Supplementary Figure S1) but emerged afterward. The
transtension has been associated with clear co-seismic events at
Réguigny, as large dewatering pipes at St Jouan-de-I'Isle (NASZ;
Supplementary Figure S4) and in the St Vigor Basin (Normandy,
Supplementary Figure S11) (see Supplementary Material). They
then faulted by N150-N170
structures, extrusion of iron-/manganese-stained blocks,
faulted paleopodzols and orsteins: Figure 4) (Van Vliet-Lanoé
et al, 2002). This N150 faulting occurred during the merging
Messinian doming mostly from 6.7 Ma (Supplementary Table

were transpression  (flower

or

S1). After the late Messinian doming, the shelly limestone
(faluns) at Le Quiou (NASZ) (Néraudeau et al., 2011) were
transtensively N-S faulted during the early Zanclean relaxation,
as also deforming the Tortono-Messinian of the Valmont outcrop in
the Seine Estuary (Figure 3) (Dugué et al., 2012).

3.4.2.3 Plio-Quaternary co-seismic activity

The NEOPAL database (2009) does not contain any evidence of
paleoseismic ruptures or Quaternary tectonic deformation. Between
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the two Hercynian fronts, paleoseismic activities have been recorded
in brief clusters (<2.4 and ~1.4 Ma), as observed along the coast or in
the upper layers of quarries (Figures 1B, 4). Load casts deforming
flood plain deposits younger than 1.2 Ma, as at Millieres or Reguigny
basins (Supplementary Figure S3, 512), suggesting a period of global
relaxation with recurrent earthquakes. This is consistent with
observations along the Iberian Chain (eastern Spain, N170 fault)
between 2.9 and 2.6 Ma (Liesa et al., 2016) or the Danube Upper
Terrace (2.4-2.0 Ma) (Magyari et al, 2005; Ruszkiczay-Riidiger
et al, 2018; Ruszkiczay-Riidiger et al., 2020), but in Hungary
with at least twice the Armorican uplift rate and ongoing
tectonic contributions.

In SE Normandy, the Senonche/Eure Fault (N110) moved
dextrally, deforming the highest terrace conglomerate (Messinian)
in Riedel’s folds (Moguedet et al., 2000; Van Vliet-Lanoé et al., 2002),
in connection with an uplift in the Western Paris Basin around the
Early/Middle Pleistocene boundary (from fluvial terrace dating)
(Guillocheau et al., 2000; Antoine et al., 2007).

An ~1,2-0.7MaS-N transient doming period seemed to
develop in certain regions of the European plate, especially in
Iberia (Gilbert et al., 2005), resulting from an increase in stress at
its southern boundary. This doming is evidenced in Armorica by the
lack of raised beaches of that age (Van Vliet-Lanoé and Guillou,
2021), despite a continuous record of fluvio—periglacial inland
terraces in Picardy and high Normandy (Antoine et al., 2007).

A second cluster of paleoseismic activities took place at ~400 ka
at Pen Hat and Trez Rouz on the Crozon Peninsula (Supplementary
Figure S7). Here, the paleoseismic activity was associated with shale
diapirism (Figure 5; Supplementary Figure S3) and recorded on the
Crozon Peninsula, in the Elorn Estuary, and at Pénestin, as the distal
response to a potential MLv 6 deep earthquake in the SASZ or the
nearby Kerforne Fault Zone (N150) (Van Vliet-Lanoé et al., 2009;
2019). At the regional scale, the 400 ka one possibly corresponds to a
distal response to a major earthquake, ~MSK 4.5-5 (magnitude
analytical scale in Olson et al., 2005), probably along the SASZ or the
nearby Elorn NASZ (Van Vliet-Lanoé et al., 2019). This 400-ka
seismic and/or tectonic event has been recognized as a major
boundary in Quaternary stratigraphy along the North Atlantic
coasts, as previously mentioned by Mangerud et al. (1996). In
Iceland, the event followed a period of dated high sub-glacial
volcanic activity, suggesting some enhanced activity on the mid-
Atlantic Ridge (Van Vliet-Lanoé and Guillou, 2021).

No younger vertical fault reactivation (rupture) has occurred
since the relaxation of the Late Miocene doming in either offshore or
onshore Armorica. This wide ~N150 western Cotentin faulted zone
was regularly seismically active during the Holocene (ReNaSS).

The normal to “pseudo-reverse” superficial faulting observed in
the Middle Pleistocene in eastern France revealed it to be of
thermokarstic origin (ice-melt and collapse) (Van Vliet-Lanoé
et al., 2017). In the Mio-Pliocene Red Sands, faults with an offset
that increases toward the surface correspond to a collapse feature
with consolidation on karstified chalk or permafrost in drained
sands (valley side). Various such faults were further reactivated as
sand or ice wedges, as at Lessay and St Vigor (Cotentin Basin), in the
Rennes Basin, at Pénestin (SASZ), or at La Londe and Valmont
(Seine Estuary, Supplementary Figure S15) (Figure 2). Faulting
younger than 700 ka (MIS 16) in tidal sands is mostly related to
continued collapse activity.
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The maximal Neogene extent of permafrost seems to have
occurred around 6-5Ma, according to the work of Gilichinsky
et al. (2007, personal communication 2018). As regional
periglacial activity set in from the Tortonian, it is possible that
permafrost—at least in a discontinuous form—had already occurred
prior to orstein formation in the Cotentin Basin. The polygenetic
sand wedges described from the Lessay tidal sands recorded
(Supplementary Figure S10), prior to the orstein (>6.7 Ma),
should, thus, correspond to the second Tortonian glacial event.
Various so-called faults were further reactivated during the
Quaternary in the form of sand or ice, as in the Rennes Basin or

at Pénestin (SASZ).

3.5 Armorican isostatic uplift

3.5.1 Doming, Atlantic rifting, and glaciations

Basement horsts, such as western Brittany, Jersey, and
northern Cotentin (Renouf, 1993), have been in relief since at
least the Alpine Orogeny and perhaps even since the Laramide
Orogeny (Maastrichtian) (Figure 3). HS cobbles attributed to the
Cenomanian in Central Brittany (Hallégouét, 1972) have been
found close to 200 m, suggesting a total of 120 m in relative
inland uplift as the early Turonian eustatic HS is considered to
have reached ~80 m (Van Sickel et al., 2004). This suggests an
average Cenozoic uplift rate of 0.03mmky"' for
Central Brittany.

The post-Pyrenean doming of the continents began around
33 Ma along the North Atlantic (early Oligocene) (Ogg et al.,
2016) after a change in the rifting geometry north of Iceland
(Gaina et al., 2017; Martinez et al., 2020). An acceleration in
rifting from 33Ma led to a major SL drop at 28 Ma,
synchronous with the isolation of Antarctica and the formation
of the East Antarctic Ice Sheet. The rifting activated renewed uplift
around the North Atlantic during the Early Miocene to 15 Ma, in the
very late Tortonian (Late Miocene, 7-5.4 Ma), and during the Early
Pleistocene (Mosar et al., 2002; Anell et al., 2009; Japsen et al., 2014;
Figure 7), synchronous with the erosion of the Paleogene saprolites.
The evolution of the morphology correlates with the mid-Atlantic
spreading rates, which were moderate from ~5 to 2 Ma, slowed
down between ~2 and 1 Ma, and then speeded up again from ~1 Ma
(Le Douaran et al., 1982).

Glaciations have also been recorded from 33 Ma (Table 1).
These were responsible for an increase in glacial and periglacial
erosion efficiency and the related unloading all over the North
Atlantic region (Japsen et al., 2014). According to Pérez et al. (2018),
several major phases of ice-sheet advance in the Northern
Hemisphere (NH) took place in the Early Pliocene and around
the Plio-Pleistocene transition (at 5.3 Ma and between 2.9 and
2.3 Ma, respectively), synchronous with the observed relaxation
events. This retroactively led to an unloading-triggered uplift of
the continents connected to the isostatic accommodation to erosion
and crustal thinning (Mosar et al., 2002; Cloetingh et al., 2013;
Japsen et al., 2014; Bridgland et al., 2020). Only early-glacial coolings
were associated with abrasion in periglacial shoreface contexts (Van
Vliet-Lanoé and Guillocheau, 1995; Van Vliet-Lanoé et al., 2009).
During full glacials, the decrease in precipitation reduced their
erosion capability (Bonnet and Crave, 2003).
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3.5.2 Raised beaches and river terraces

Quaternary (marine or fluvial) staircase terraces have commonly
been attributed to tectonic activity (Lendtre et al., 1999; Kirby and
Whipple, 2001; Coutard et al., 2006; Antoine et al., 2007). In
Western Europe, the Quaternary interglacial raised beaches,
recorded on the lower platform south of the Dover Strait, are
commonly limited in age to the last ~500 ka (MIS 15), as in
Armorica (Van Vliet-Lanoé and Guillou, 2021). In Armorica, the
absence of Quaternary interglacial raised beaches between 0.7 and
1.4 Ma suggests a lowered HS altitude than the current global SL
average (10 m or less) between late MIS 22 and 16—the oldest
major Quaternary glaciations. This absence of traces, thus,
corresponds to most of the Middle Pleistocene Event (MPE) at
1.25-0.7 Ma, a major shift in climate (Landais et al., 2010). However,
along the Armorican coasts, there is no evidence of marked vertical
movements for the last 500 ka despite the two recorded seismic
clusters (Table 1; Figure 13) with between 0.7 and 0.4 Ma, hosting
possibly a transient doming related to the main shear zones and
N150 faults in the plate. A now-flooded HS is susceptible to
confusion with other LSs.

The apparent limited rise in the altitude of the HSs back to the
MIS 11 HSs (~+15m NGF) was not controlled by climate, all the
interglacials, except for MIS 7, having similar temperate climates
and HSs close to those of the present (~+4 m NGF). The intensity of
regional coastal reshaping by HSs appears to have been limited
during the Quaternary and is mostly expressed in terms of
retrogressive coastal erosion and periglacial erosion during the
“lowered” SL in the early interstadials. This was synchronous
with sedimentary transfer to the shelf and responsible for limited
unloading and uplift at the coast (Figure 8) during the last glacial
period, on the order of 1 m or of 0.02 mm kyr™".

Onshore, the stepwise incision of the river network records
evident major inland uplift when using averaged terrace altitudes
within a 30-m-amplitude range (averaged uplift value for the dated
alluvial sheets: Antoine et al., 2007; Defive et al., 2007; Voinchet
et al,, 2007). Based on a homogenized scale for altitude, the ESR-
dated fluvial terraces have revealed a nearly continuous uplift from
1.1 Ma (Figure 13). Significantly, the incised steps (the classical
upper, middle, and lower terraces) were marked by periods of
accelerated uplift (red bars in Figure 8), resulting from transient
and limited doming. Inland, in Picardy, the average Quaternary rate
of uplift reached 0.06 mm yr™' on the frost-susceptible chalk of the
Somme terraces (Antoine et al., 2007). Data from the Ebro River
terraces in Spain (Regard et al., 2021) fit these observations, with a
major river incision tracing an uplift of tectonic origin occurring
between 0.65 and 0.4 Ma in southern Spain (Gilbert et al., 2005).
Traces of surface rupture were recorded on the French side of the
Pyrenean Belt (Baize et al.,, 2002).

Older Neogene sediments may record similar events. The
Messinian lithospheric doming event, associated with the Jura
Orogeny (Becker, 2000), developed from ~8-4 Ma. The Jura
Plateau has been deeply incised by rivers since at least the
Pliocene. From the onset of Messinian doming, periglacial
erosion became dominant in the still-moist early-glacial stages.
This seems to have been associated with enhanced unloading,
followed by a seismic cluster. The river incision to the Middle
Terrace in Brittany was related to a transient acceleration in
uplift (Figures 12, 13; Table 1), in tandem with the observed
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Periods of seismic activity and uplift identified in the sedimentary record and a comparison of the coastal record (raised beaches) with the inland
record (river terraces) averaged to 50 m of uplift (Antoine et al., 2007; Defive et al., 2007; Voinchet et al., 2007) and the LR0O4 isotopic curve (Lisiecki and

Raymo, 2005). Numbers in blue indicate major glaciations.

Messinian doming from approximately 8 Ma to 4.5 Ma. Periglacial
erosion has also probably been having an impact for the last 5.4 Myr
and possibly also during the 11.6, 9.0, and 6.7 Ma glacial events. The
Middle Pleistocene event set on from 3.2Ma for a maximal
efficiency from 1.1 to 0.7 Ma.

Neogene paleoseismic event clusters have been recorded at the
onset of tectonic strain relaxation (deglaciation: Hasegawa and
Basham, 1989), supplemented by unloading events ruled by major
periglacial erosion or sea-ice-erosion-related events (Van Vliet-
Lanoé et al., 2002). This has generally occurred close to the onset of
regressions with a limited fall in SL and major sediment transfer
(Van Vliet-Lanoé and Guillocheau, 1995). This long-term
interpretation of uplift agrees with the hypothesis for an Early
Miocene onset of the coastal marine terrace sequence preserved on
the Cotentin Peninsula (Pedoja et al., 2018). A similar situation
likely also occurred during pre-Langhian doming (23-14 Ma),
related to shorter coolings and higher precipitation on the
weakly incised Oligo-Miocene River system (Van Vliet-Lanoé
et al., 2002).

4 Discussion

The passive continental margin of Armorica has experienced a
pulsed N170 compressive stress field since at least the Neogene, in
combination with a W-E transtensive regime. The application of
compressive stress at the edge of a craton can lead to uplift
supplemented by the development of extensive erosion surfaces
(Japsen et al., 2014). Here, this was reflected in pulsed and distal
episodes of compression-induced crustal doming in Armorica,
monitored by the plate’s collision history. In the Appalachian
Mountains—a situation similar to that in Armorica—evidence
points to an ongoing wave of 100-150 m of river incision that
has been propagating upstream for at least 3.5 Myr and possibly
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since the 11 Ma LS. This drives the isostatic relief uplift across this
part of the passive margin (Miller et al., 2013).

4.1 Quaternary crustal unloading:
differential uplift between the marine
platform, the coast, and the continent

We indicated that the first sedimentary evidence of the present
river network goes back to ~3.05 Ma in Brittany (Van Vliet-Lanoé
et al,, 2002) after the onset of extended Quaternary glaciations at
3.2 Ma. The Early Quaternary SLs (>1.25Ma) also indicate an
apparent regional stabilization of the relative HS at ~50 + 10 m
between 3.2 and 1.4 Ma (Supplementary Table S1). The recorded SL
was lowered by only a few meters during this period despite some
major glaciations defined by the LR04 8O curve (Lisiecki and
Raymo, 2005) (Figure 8).

The absence of raised beaches between 1,000 and 700 ka
contrasts with the river terraces, several of which are dated as
between ~1,250 and 700 ka (see references in Figure 13). This
suggests a coastal uplift or doming of undated raised beaches
above 20-30m a.sl,
from the Neogene ones, except where an orstein is present.
Ablation unloading after 700 ka on the PS7-3 platform was
potentially responsible for an uplift of ~14 m (0.02 m kyr™")

making them difficult to discriminate

during successive interglacial-glacial transitions. This uplift
does not agree with the known regional thermal subsidence of
1

5.2 mm kyr™', according to Rouby et al. (2013). This suggests a
regional deficit of ~5-10 m in coastal margin subsidence,
probably due to a passive or tectonic uplift.

A transient lithospheric doming and a major differential
uplift suggest that the absence of an Early Quaternary record is
related to a nearly stable coastal platform as opposed to the

inland uplift rate (0.05-0.06 mm kyr™') (Mazzotti et al., 2020).
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The main erosional efficiency of the Weichselian Glacial
occurred inland during the Early Glacial (~113-75 ka) (Van
1995)

discontinuous vegetation cover on the continent. The coastal
-1

Vliet-Lanoé and Guillocheau, relative to a more

0.02 mm kyr™' value likely explains the limited and progressive
raising of the paleo beaches above the present mean SL from
MIS 5 to MIS 11 (to ~+15m), regionally completed by the
interglacial glacio-isostatic accommodation of 0.8 kyr™" (Peltier,
1999)
interglacial periods.

that was only active during post-deglaciation

4.2 Seismicity

4.2.1 Generality

Amplification of the regional inversion structures that grew
from the Late Jurassic to the early Oligocene was related to a
temporary decrease in the spreading rates in the mid-Atlantic
and oceanic-crust sagging (Figure 7) (Miller et al, 2008; Gaina
et al,, 2017). Reduced mid-Atlantic spreading rates led, especially
from 34 Ma, to a W-E extension induced by mantle drag (Mosar
et al.,, 2002), a subsequent inversion of Western European Mesozoic
basins, and platform unloading (with an SL drop of ~50m)
(Figure 3). An acceleration of the mid-Atlantic spreading rate
confirmed the field dating—~15, ~8-5, briefly ~2.4-2, and
limited ~1-0.7 Ma (Figure 3)—resulting in S-N transpression.
Since 14 Ma, transient doming events complemented climate-
induced erosion (Stoker et al., 2005).

4.2.2 Deep-seated seismicity: the impact of
lithospheric doming events and climate

From our Neogene record, seismic activity clearly increased
regionally at the onset of transtensive relaxation following
doming events. From 18 Ma, the progressive closing of the
Gibraltar Strait (Krijgsman et al.,, 2018; Civiero et al., 2020),
related to the late Alpine Orogeny, induced a rise in S-W to
SE-NW strain, coupled with an overall lowering of the mid-
Atlantic spreading rate, and a renewed glacio-eustatic SL fall,
especially from 5.3 Ma (Figure 3). Transpressive deformations
induced by lithospheric doming events were associated with
surface rupture up to the Messinian-Zanclean transition
(5.3 Ma), such as around the North Atlantic (Stoker et al.,
2005; Anell et al., 2009). It is not possible to be more precise.
No younger surface rupturing or faulting was observed
regionally.

From the paleoseismic regional evidence and ESR dating, we
can, thus, assume that the major Quaternary earthquake clusters in
Armorica were associated with the resumption of transient, but
limited, lithospheric doming events related to the ~N170 oriented
strain, transmitted via the main shearing zones from the southern
plate convergence (Figure 1A). This should explain the slightly
accelerated uplift during the paleoseismic clusters (Figure 13,
red bars).

The Armorican and Channel Shear Zones, with their conjugate
faults, maintained control over the deep-seated seismicity during the
Pliocene and Pleistocene, similar to the present. This is especially the
case for the SASZ complex, under the supplementary tensional
influence of the nearby Gulf of Biscay (Figures 1, 2) or of the AUFZ.
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Presently, N150 crustal faults activate along the main shear zones,
allowing deep-seated (20-30 km, laminated crust) regional
earthquakes to occur (BCFS/RéNaSS, 2022). The highest regional
magnitude has been recorded by the French Seismological Central
Office (BCEFS/RéNaSS, 2022) at a depth close to 15 km along the
northern branch of the SASZ for the Lorient earthquake
(30 September 2002, 54 MLv, Mw 4.3) (Perrot et al., 2005) and
the Oléron Island earthquake (30 August 2002, 5.7 MLv) The most
recent, in Vendée on 16 June 2023, yielded an Mw 4.8 at a depth of
only 5 km (RéNaSS).

More limited, ubiquitous, and shallow (15-5km) regional
seismicity or natural seismic noise could accommodate all the
existing, sometimes hindered, Tardi-Hercynian faults, reactivated
by the Late Jurassic to mid-Cenozoic inverted horsts, as stressed
more globally by Sibson (1990) and Scholz (1998).

A climate-induced increase in rhexistasy during cooling
episodes (Van Vliet-Lanoé and Guillocheau, 1995) was, thus,
complemented by the isostatic accommodation to an erosion-
induced unloading mechanism (i.e, erosion isostatic
accommodation). With the progressive differential isostatic uplift
related to erosion, accommodation earthquakes could potentially
occur with limited <4-MLv strength (BCEFS/RéNaSS, 2022) and

produce no visible surface rupture.

4.2.3 Shallow seismicity: the impact of climate-
induced isostatic unloading on merging
old basement

During the onset of glaciations (MIS 12 and MIS 8), the
limited reduction in precipitation, but with recurrent drought,
led to the increase in sedimentary transfer to the platform
(progradation). This onshore unloading with the onset of SL
regression could have superficially increased the stress on
existing faults and shear zones along the coasts, such as
during the ~275 ka seismic clusters along the SASZ. This
could have induced some shallow events complementary to
the classical deep-seated earthquakes, such as for the ~400 and
~275 ka paleoseismic event clusters (~MSK 4.5-5 in the Olson
et al. (2005) scale; Van Vliet-Lanoé et al., 2019).

4.2.4 Erosion-induced seismic activity

Because the region is mostly W-E extensional, after the late Early
Cretaceous inversion and mid-Atlantic widening, a rise in the old
crust of the brittle-ductile transition (BDT), from 30 km below the
surface to <15km (cooling from ~350°C) (Mehl et al., 2005), may
have complemented the erosion isostatic accommodation uplift by
exposing the Cadomian or Hercynian BDT. This could potentially
have contributed to the exhumation of the metamorphic and granitic
bodies (Mehl et al.,, 2005; Petrillo et al., 2020) inherited from the
Cadomian subduction front, as recorded North of the Bay of St
Michel-en-Greve (Supplementary Figure S17). This process is
normally controlled by the thermal gradient and fluid pressure in
the crust, which aids in reactivating older, strain-opened faults and
other fractures (Sibson, 1990). The limit for shallow earthquakes could
result from this rising of the former BDT in the crust, lifted by isostatic
accommodation to erosion. Recent low-magnitude earthquakes
(28 February 2022, 1 June 2022, and 27 June 2021) along the
inactive N150 fault line off western Cotentin, with a focal depth
close to <10km deep, could argue for this scenario for shallow
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instrumentally recorded earthquakes (Sisfrance BRGM-EDEF-IRSN/
SisFranc, 2010) yielding ~2-4 MLv. From the Middle Holocene, some
accentuation of the isostatic uplift may have resulted from a
generalized anthropogenic transformation and powerful erosion of
the landscape, of ~0.2 mm kyr™" in the last 2 kyr (according to the
work of Van Vliet-Lanoé et al. (1992)) instead of an average value of
~0.05 mmkyr™' inland. The ubiquitous seismic noise (<MLv 3.5)
recorded regionally might be due to the local reactivation of pre-
existing faults that are not necessarily parallel to the stress field
(Sibson, 1990) in an unloaded BDT zone.

5 Conclusion

The post-Eocene marine platforms (PS-7) around Armorica are
relatively continuous and have been shaped since at least 34 Ma, but
have a post-Eocene marked thermal subsidence in the Western
Approaches of the English Channel with a thick sedimentation load
along the southern Armorican shelf edge. The PS7-3 platform
developed during the late Neogene LSs (particularly since 11.6 Ma)
was only re-occupied after the 700 ka HSs, often in continuity with the
Paleogene PS6 and younger platforms. Several transient, strain-induced,
lithospheric doming events, distal from the southern plate boundary,
enhanced the marine regressions, particularly from 33 Ma to, notably,
1.2 to 0.7 Ma. From the Pleistocene (~2.5 Ma), the stability of the HS
altitude has been recorded at the coast by limited isostatic uplift,
together with major continental unloading and uplift in response to
enhanced periglacial erosion during regressions as perhaps also from
the Oligocene, the Miocene, and especially, the Messinian LSs. The
Middle Pleistocene glacial amplification and the glacial events with the
longest early-glacial stages were, with erosion unloading, the major
contributors to the Quaternary uplift. This would explain the non-
tectonic differential uplift between the continental relief and the coastal
zones, including nearshore platforms.

In terms of the seismicity, a strike-slip deformation accommodated
the Paleogene, Neogene, and Pleistocene SW-NE strains around the
rigid part of the NW European Plate constituted by Normandy, the
Cotentin, and the central Armorican Basin, zones of very low actual
seismicity. The shearing zones have remained ductile and have
accommodated the 14-16 Ma, 8-5.4 Ma, and probably, quaternary
domings. The southern plate’s convergence during the Neogene was
imprinted in the lower laminated crust (~30km), with a limited
deformation to the west of Western Europe and deep-seated
earthquakes. This is mostly constraining the SVF (Figure 2), the
Yeu-Retz Fault Zone, and the complex SASZ. To the north of
Armorica, the shearing remains counterclockwise along the Middle
Channel Fault Zone, the AUFZ, and the NVF.

The traces of seismic activity in Armorica did not show any surface
rupture since the Pliocene (4.4 Ma). Seismic records revealed a
prevailing transtensive regime after the Gelasian (2.4 Ma) and from
0.7 Ma (the MPE) in association with an acceleration in continental
uplift. From the beginning of the Late Pliocene, and mostly from the
MPE onward, the intensification in continental erosion and temporary
episodic N170 compressive strain on the ~N150 faults were responsible
for the 400 ka and 280-275 ka seismic event clusters.

Present-day seismicity along the shear zones has mostly been in
the upper continental crust (<20km). Low-magnitude and
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ubiquitous shallow seismic activity is probably occurring close to
the now-fragile and uplifted Hercynian BDT, as well as in zones of
shear—strain accumulation (shear zones). A major Holocene
isostatic uplift related to the man-made intensification of erosion
could, for the most part, be responsible for the present-day
ubiquitous and shallow seismicity.
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