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High-resolution seismic data have been acquired in June 2008 on the Armorican Shelf (AS), in the northern
Bay of Biscay, in order to reassess its stratigraphic architecture in detail and to study the impact of eustasy,
tectonic and sediment delivery on the margin sedimentary record. Several profiles show fluvial-type
incisions of several tens of meters (up to 54 m) associated to a widespread erosion surface. Several
hypotheses are proposed for the stratigraphic position of this surface and incisions. We suggest Middle to
Late Miocene age. Considering the relatively quiescent tectonic activity of the margin, we infer that the
relative sea-level fall responsible of aerial incision on the Miocene shelf is eustasy-related. We propose the
attested Serravallian-Tortonian eustatic lowstand (c. 11.6 Ma) as the key event responsible of such erosion
and incision. This event marks the early beginning of the high-amplitude sea-level fluctuations that
culminated during the Pleistocene and significantly controlled the present day AS morphology. The
variability of vertical incision observed along single reaches can be explained by the confluence of several
tributaries, the sinuosity of the channel and can be amplified by the unconsolidated nature of the Miocene
substratum. The main pathways of the fluvial network corresponding to these buried valleys have been
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reconstructed and connections to other existing networks are proposed.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

In low sedimentation rate and quiescent passive margins, eustasy
has a predominant effect on the stratigraphic architecture (Vail et al.,
1977; Posamentier and Vail, 1988). In such settings, the development
of fluvial channel incisions over the shelf is considered as an indicator
of a significant global sea-level fall and lowstand, that expose the
entire shelf below or close to the breakpoint (Dalrymple et al., 1994)
and is associated sometimes to submarine canyon incisions (Vail et al.,
1991). Several examples are documented worldwide and are used to
date or constrain the amplitude and effects of eustasy changes
through time (Fulthorpe et al., 1999, 2000; Lofi and Berné, 2008) or
are the subject of ongoing studies (e.g. IODP expeditions 313 and
317). In the northern Bay of Biscay, numerous Quaternary incised
valleys described over the Armorican Shelf illustrate the impact of the
high-amplitude Pleistocene glacio-eustasy falls (c. —120 m) (Pinot,
1974; Menier et al., 2006; Chaumillon et al., 2008). Important sea-
level falls of several tens of meters are also suspected for the Neogene
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period (Haq et al., 1987) and may have resulted in the generation of a
fluvial networks over the emerged AS. Despite the presence of
widespread erosion surfaces, related Neogene channel incisions are
not attested and clearly described directly offshore southern Brittany.
This is mainly due to the scarcity and the average quality of data
(Bourillet et al., 2005). However, the “Quaternary” network drawn by
Pinot (1974) was partly based on the detection of incisions on seismic
data, c¢. 100 km from the present day coastline. Surprisingly, the
Pleistocene valley network as described in recent studies (Menier,
2004; Menier et al., 2006; Thinon et al., 2008) does not extend that far
over the outer shelf. A re-evaluation of the stratigraphic position of
the outer-shelf incisions of Pinot (1974) was therefore needed
to verify a pre-Quaternary age attribution. Evidence of potential
Neogene channel incisions in surrounding areas is located in the
Western Approaches and are associated with the ‘Fleuve Manche’
paleoriver system (Reynaud et al., 1999; Bourillet et al., 2006) where
Neogene series are well-documented (Evans and Hughes, 1984), and
to the South, over both the Vendean-Armorican Platform (Huerta
et al., 2010) and the North Aquitaine shelf (Bellec et al., 2009).

This study presents the interpretation of recent high-resolution
seismic sparker profiles acquired on the Armorican Shelf that show
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clear incisions within the Miocene series. We discuss the origin and
the age of these incised valleys, and describe their morphology and
potential significance in terms of eustasy.

2. Geological setting

The Armorican Shelf (AS) corresponds to a segment of the
European Atlantic margin in the northern Bay of Biscay (Fig. 1). Its
formation initiated during the Early Cretaceous (Barremian-Aptian,
¢. 125 Ma) consequently to the rotation of the Iberian Peninsula and
the contemporaneous opening of the Bay of Biscay (Montadert et al.,
1979; Olivet, 1996; Thinon, 1999). Its present day morphology corre-
sponds to a large polygenetic erosion surface (wave-planed) resulting
from significant Plio-Pleistocene sea-level fluctuations (Imbrie et al.,
1984; Waelbroeck et al., 2002). The Cenozoic was dominated by post-
rift mixed carbonaceous-silicoclastic sedimentation as revealed by
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exploration well PENMA-1 (Preux, 1978), and cores (Bouysse et al.,
1974; Thomas, 1999; Guillocheau et al., 2003). The knowledge of the
stratigraphic architecture of the AS is provided by interpretation of
seismic data from the Bir Hakeim survey (Bouysse et al., 1968) and
correlations with PENMA-1 well (Guillocheau et al., 2003). Post-rift
deformation occurred mostly in response to the Pyrenean collision
that reactivated strike-slip Variscan structures (Montadert et al.,
1979). This subsequent Oligocene compressive phase did not affect
obviously this area such as it did in the English Channel, with the
modification of the Hurd deep (Lericolais et al., 2003). The limited
Cenozoic tectonic activity in the study area is evidenced by sub-
vertical faults that suggest a dextral strike-slip movement that faded
during the Miocene (Figs. 4 and 5). The margin is also affected by an
apparent seaward regional tilt documented onshore (Bonnet et al.,
2000) and offshore (Vanney et al, 1972; Bourillet et al., 2003).
Several regional erosion surfaces resulting from sea-level changes
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Fig. 1. A — Map showing the location of the study area in the Bay of Biscay, W.A.: Western Approaches, A.S.: Armorican Shelf, Aq.S.: Aquitaine Shelf; B — Simplified geological map
covering the Armorican Shelf, showing the extent of the main geological units and the position of exploration well and offshore cores with retrieved Cenozoic material (Andreieff
et al.,, 1968; Barbaroux et al., 1971; Bouysse et al., 1974; Delanoé and Pinot, 1974; Delanoé et al., 1975, 1976; Chantraine et al., 1996). Thin dashed lines correspond to the position of
geophysical data (see Fig. 2 for details). The bold lines correspond to the profiles displayed on Fig. 3; C — Cross section of the Armorican Shelf showing the main stratigraphic
succession from Cretaceous to present. The vertical axis is in second two-way travel time (TWTT) (modified from Vanney et al., 1972; Guillocheau et al., 2003, Thinon et al., 2008).

See (B) for location.
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Fig. 2. Position maps showing the extension of the six Sparker-type seismic surveys used in this study, including line numbers and the sections displayed in figures (bold lines).

and/or phases of regional tilt are recorded and form angular
unconformities (Figs. 1C, 4 and 5). One of these surfaces is
interpreted to be Middle to Late Miocene in age (Vanney et al.,
1972; Guillocheau et al., 2003; Bourillet et al., 2003). The Miocene-
recent deposits of the AS margin are mostly located on the median
and outer parts of the shelf where they form a stack of wedges
(Figs. 1C and 5). Incised valleys are present over the inner shelf and
the coastal area (Boillot et al.,, 1971; Bouysse et al., 1974; Menier,
2004; Menier et al., 2006; Chaumillon et al., 2008). The origin of
both these incisions and their valley fills is linked to Late Pleistocene
sea-level fluctuations. Unfortunately, due to coarse superficial
sediments, no attempts at coring have yet succeeded in recovering
paleovalley fill (Bourillet and Turon, 2003).

Recently acquired high-resolution seismic data detail the geom-
etry of the sedimentary succession and associated erosion surfaces.

One of these surfaces revealed several incisions, c¢. 100 km from the
present day coastline.

3. Methodology

This study is based on the interpretation of high-resolution Sparker
seismic data acquired onboard CNRS-INSU “Cotes de la Manche” vessel
in June 2008 (GeoEtel-2008 survey,) as well as the re-interpretation of
lower-resolution seismic profiles from older surveys onboard Bir
Hakeim vessel in 1967 and Job-ha-Zelian vessel (Job) in 1971, 1972
and 1974. Seismic units and bounding surfaces are defined by
describing reflection continuity, amplitude, frequency, configuration
and terminations (Mitchum et al., 1977). The seismic stratigraphy
obtained from our interpretations have been geometrically correlated
to cores and dredges samples and to PENMA-1 exploration well, which
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provides the only regional access to the Meso-Cenozoic sedimentary
record (Fig. 5). These correlations have been made assuming a mean
velocity of 2250+250m s~ ! for the Miocene-recent interval and
2910+ 10ms~! for the Oligocene one (velocity from Garlizenn-1
exploration well; Maillard, 1982).

4. Results
4.1. Seismic stratigraphy

Sparker seismic profiles image the sedimentary succession from
Paleogene to Present from the median shelf to the shelf break. Six
seismic units and one sub-unit have been identified (U1 to U6 and
U6b) separated by six bounding surfaces (S1 to S6). Seismic char-
acteristics of units and surfaces are described in Table 1. Each unit is
composed of one seismic facies that does not vary significantly
laterally. In the following section, we describe the seismic stratigraphy
in terms of geometry and stacking pattern. We also propose both
lithology and stratigraphic position for units when they are
documented by subsurface samples, by correlations to surfaces at
PENMA-1 well (Preux, 1978), and on the basis of former studies (e.g.
Vanney et al., 1972; Guillocheau et al., 2003).

4.1.1. Seismic unit 1 (U1)

U1 is the lower most unit identified on seismic data. As a result, no
basal boundary is visible on seismic data. Its seismic facies shows
chaotic and locally steep reflections (Table 1). It crops out along the
present day coastline where it has been sampled (Fig. 5). It consists of
metamorphic (micaschists) and crystalline (granites) Paleozoic rocks
deformed during the Variscan orogeny (Audrun and Lefort, 1977). It
therefore forms the basement of the AS. The upper boundary of U1 is a
clear erosion surface (S1) and represents the base of the sedimentary
succession of the AS.

4.1.2. Seismic unit 2 (U2)

U2 lies directly on the Variscan basement where it presents few
onlap terminations on S1. Its thickness is unclear but probably
exceeds 400 ms (Fig. 5). U2 is made up of parallel and continuous
reflections (Table 1) characteristic of well-bedded marine sediments.
U2 is sampled in PENMA-1 and at several locations over the inner
shelf where it corresponds to Paleogene chalks, calcareous mudstones
and sandstones with rare terrigeneous-rich beds (Andreieff et al.,
1968; Barbaroux et al., 1971; Bouysse et al., 1974; Delanoé and Pinot,
1974; Delanoé et al., 1975; Preux, 1978). U2 is bounded above by
erosion surface S2 highlighted by toplap terminations (Figs. 4 and 5)
that reflects a slight regional tilt (<0.5°). U2 is affected by brittle
deformation with NW trending sub-vertical faults and gentle folds
(Figs. 1, 4 and 5).

The presence of the thick Cretaceous section (c. 500 m) identified
in the lower third of PENMA-1 (Fig. 3) is not attested at the seafloor,
over the inner shelf, between basement and U2. This may be due to a
landward thinning and/or onlap of the series as visible in petroleum
conventional seismic data (unpublished petroleum data).

4.1.3. Seismic unit 3 (U3)

U3 is a 40-50 ms-thick unit characterized by discontinuous and
slightly wavy very high-amplitude reflections (Table 1). It is bounded
below by unconformity S2 and above by S3 that shows rather little
erosion except on line 20-670 (Fig. 5). No seafloor samples have been
collected in the area where the unit may crop out. Nevertheless, U3
correlates geometrically to the upper part of the Oligocene series
(Chattian?) at PENMA-1 (Fig. 5) where it is made up of shallow marine
coral-rich bioclastic sandstones (Fig. 3). Discontinuity and wavy forms
of reflections within U3 may correspond to small coral reefs or
mounds. The mapping extent of U3 is unclear but should consist in a
narrow corridor seaward from U2. Tectonic deformation style affecting

U3 is similar to U2 but in an evident lesser proportion (Figs. 4 and 5).
This observation and the tilting of U2 suggest that a deformation phase
occurred during Paleogene with a probable culmination between Late
Eocene and Late Oligocene. Such a phase is described by several
regional studies and syntheses and corresponds to the Pyrenean
compressive tectonic phase s. (Gély and Sztrakos, 2001). It is
supposedly responsible for 1) the inversion in the English Channel
documented between the Mid-Late Eocene and Early-Oligocene
(Ziegler, 1987; Evans, 1990), 2) the sedimentary hiatus in the Bay of
Biscay (Hailwood et al., 1979), and coincides with the contempora-
neous uplift of North Atlantic margins (Anell et al., 2009 and references
herein). This phase may have partly triggered the development of S2
unconformity.

4.1.4. Seismic unit 4 (U4)

U4 is a 100 to 150 ms-thick unit made up of subparallel, continuous
and low amplitude reflections (Table 1). It shows downlap termina-
tions on its lower boundary S3 and an overall progradation pattern
interrupted by transgressive phases of a lesser order evidenced by
onlap surfaces (Figs. 4 and 5). The seismic facies suggest well-bedded
fine grained deposits (mudstones and siltstones). U4 is topped by a
widespread erosion unconformity that is characterized by toplap
terminations of the underlying reflections (Figs. 4 and 5). This erosion
surface is more or less penetrative into the underlying sediments and
locally shows clear deep incisions on several profiles (Figs. 4-6). Very
few seafloor samples have been collected in the area (Fig. 1) and
mainly consist in Miocene calcareous marls and Aquitanian bioclastic
limestones (Andreieff et al., 1968). At PENMA-1, S3 and the lower part
of U4 respectively correlate with a thin poorly-sorted terrigeneous
sandstone bed and a Miocene mixed marine terrigeneous—calcareous
mudstone. This unit may find lateral equivalents in the Miocene
“faluns” (shallow marine mixed bioclastic and terrigeneous coarse
sands) that are well-documented onshore (Brittany, Anjou, and
Tourraine areas; Lécuyer et al., 1996; Néraudeau, 2003).

These observations suggest that S3 developed at the transition
between a documented Oligocene sea-level low and a Miocene sea-
level high (Haq et al., 1987) evidenced by the change from shallow
marine limestones with corals to transgressive glauconitic sandstone
then prograding marine mudstones (Preux, 1978). The upper part of
U4 is not sampled or described in PENMA-1 (no recovery), it is thus
lacking reliable lithology and age calibrations (see discussion). The
upper limit S4 presents evident erosion features including irregular
toplap/truncation surface with channel-like incisions (Figs. 4-6). As
for S2, the toplap terminations evidenced a slight seaward tilt (<0.5°)
of the sedimentary section (Fig. 5). The age calibration of S4 cannot be
directly determined from existing samples and different hypotheses
are addressed in the discussion section.

4.2. Buried channel incisions of $4

Among several unconformities identified in the seismic stratigra-
phy of the AS, S4 is the oldest to exhibit a deeply incised surface.
Careful study of available seismic profiles allows a better understand-
ing of the processes resulting in the generation of S4 and associated
erosion features (Figs. 4 and 6). Incisions present (1) major and
deeper channels with (2) several associated secondary channels
(tributaries), separated by (3) strath terraces developing in (4) a
wider valley. These observations are in agreement with a fluvial and
thus subaerial origin for the incisions (Posamentier, 2001). A possible
karstic origin for these features is neglected here because the incised
lithologies contain a terrigeneous fraction (PENMA-1, Preux, 1978).
The incision depth of the major channel and the valley shape along
transversal profiles vary dramatically (Fig. 6). On profiles 7 and 26
(Fig. 6A and C), the vertical incision, from the valley edges to the
channel bottom, reaches 30 ms and 60 ms respectively (30 m and
60 m at 2000 m s~ !) and is strongly localized, whereas, in between,
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Characteristics of the seismic units (U1 to U6b) and bounding surfaces (S1 to S6) recognized on the data covering the AS with seismic description, lithological interpretation and
examples from GeoEtel-2008 survey.

Seismic Descriptions of seismic facies Interpretations/ Seismic image samples (crops from GeoEtel-2008)
units and reflection terminations correlations
Scale bars: horizontal ~ 250 m ; vertical = 20 ms

U1 Very low to average continuity, Crystalline and
high amplitude and frequency, metamorphic
subparallel to chaotic basement
configuration. Highly deformed (Paleozoic)
Base: not determined
Top: eroded by S1 (top lap)

U2 Good continuity, average Well-bedded
frequency, average to marine deposits
high amplitude, parallel identified as Paleocene
configuration. Faulted & folded and Eocene chalky
T
Top: eroded by S2 (toplap) i PENINAALT el

U3 Average continuity, average Bedded marine deposits
frequency, very high amplitude, with mounds (coral
subparallel to wavy configu- patches?) correlated
ration. Slightly faulted & folded to Oligocene bioclastic
Base: concordant on S2 sandstones with corals,
Top: concordant with S3 bivalves and bryozoans

in PENMA-1 well

U4 Good continuity, average Well-bedded
frequency, low amplitude, marine deposits corres- l _
subparallel configuration with ponding to mixt terri- :
clinoforms. Rarely faulted & geneous / calcareous
folded Miocene mudstones
Base: downlap on 53 in core samples and
Top: eroded by S4 with incisions PENMA-1 well

us Very low continuity, average Pourly-bedded coarse
frequency, very low amplitude, marine and channel
chaotic configuration with cha- fill (fluvial) LST
nnels. Rarely faulted & folded deposits of probable
Base: onlap on 54 Late Miocene age.
Top: eroded upward and down-
ward by S5 with incisions

uUeé Very low continuity, average Pourly-bedded coarse
frequency, low amplitude, marine deposits
chaotic configuration with with rare channels
channels & clinoforms. Rarely corresponding to the
faulted & folded outer-shelf Pliocene -
Base: concordant/onlap on S5 Pleistocene sediment
Top: eroded by S6 (toplap) wedge (Red sands)

Ueb Transparent to low continuity, Poorly-bedded muddy

low amplitude. Not deformed

Base: concordant/downlap on S6
Top: sea floor

sands of disconnected
sediment bodies of the
Pleistocene - Holocene
"Grande Vasiére", depo-
sited and reworked
during LST and/or TST
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Fig. 3. Lithological section of PENMA-1 exploration well with lithology description, biostratigraphy correlations established from foraminifer and nannofossil determinations, and
interpretation of depositional environments (adapted from Preux, 1978). Top Oligocene and intra-Oligocene labels mark two important changes in the depositional environment

settings that may correlate to seismic unconformities.

on profile 22, incision is less deep (10 ms; 10 m at 2000 ms™!)
(Fig. 6B). Likewise, the shape of channels on seismic profile shows a
clear variability from V-shape (e.g. Profile 26, Fig. 6A) to U-shape (e.g.
Profile 7, Fig. 6C) with more or less symmetry. This is in agreement
with seismic profiles crossing sinuous valley reaches with variable
azimuth angles (Fulthorpe et al., 1999). The density of seismic profiles
allows the mapping of a paleo-fluvial network in that area (Figs. 7
and 8). We tentatively trace four distinct valleys, labeled A, B, C and D,

from west to east, by correlating incisions between profiles (Fig. 8).
Valleys strike to the NE-SW, orthogonally to the margin. As incision
depth fades seaward and as S4 and associated valleys are eroded
landward by S6, the network cannot be traced over more than 30-
40 km (Fig. 8). Our interpretations suggest a connection of both
valleys B and C downstream. The valley fill deposits (base of U5) are
made up of several sub-units separated by U-shaped erosion surfaces
that laterally incise and widen the preexisting main channel (e.g.
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Fig. 4. Seismicimage and interpreted section of Sparker seismic profiles GeoEtel-07 (A) and Job 1974 (3-VIII-74) (B) (see Figure 1 for location) showing the interpreted seismic units (U2 to
U6b) and unconformities (S2 to S6). Three buried incised valleys are identified on S4 and labeled A, B and C. Valley Bis displayed in detail in figure 6 as indicated by boxes. See figures 2 and 4
for Location of profiles. Note that the zoom on Fig. 6a. is a crop of GeoEtel 2008 - 26 but is indicated by a box on Job 1974 (3-VIII-74) as both profiles are similar in location.

profile 26, Fig. 6A). On profile 7, younger channelized incisions are
visible and one of them truncates the main erosion surface S4
(Fig. 6C). Therefore, generation and reshaping of S4 erosion surface
ends after deposition of U5 starts.

4.2.1. Seismic unit 5 (U5)

U5 is a 40-50 ms-thick lens-shaped unit that thins both landward
and seaward (Fig. 5). It shows very chaotic and discontinuous
reflections with channels and onlap terminations on S4 (Table 1).
Such seismic facies suggests sandy sediments. Deposits in the basal

part of U5 fill the S4 incisions and present U-shaped erosion surfaces
that locally incise U4. Above, the upper-boundary S5 shows unusual
characteristics with possible channel incisions (Figs. 4 and 5) and a
seaward truncation of several U5 reflections (Fig. 5). The age of U5 is
not defined as but intersection between S5 and sea floor corresponds
to the base of the Pliocene-Pleistocene sedimentary succession.

4.2.2. Seismic Unit 6 (U6)
U6 is a >200 ms-thick unit that corresponds to the seaward most
seismic unit individualized in this study. It lies conformably over S5
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Fig. 6. Details of high-resolution Sparker profiles from GeoEtel-2008 survey crossing the incised fluvial valleys of S4 (valley B), from profiles 26 (A), 22 (B) and 07 (C). Profiles show
the main incision channel (MC) and associated tributaries (Tr) separated by terraces (Te) in a wider valley. On profile 07 (C) other younger channelized incisions (YCI) are visible
that cut the major erosion surface S4. Vertical axis in ms (TWTT: two-way travel time) and horizontal axis show Shot Point number (SP). See Figs. 1 and 3 for location.
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Fig. 7. Oblique three-dimensional view from North showing the interpreted seismic profiles GeoEtel 07, 21, 22, 25 to 29 and Trophal 50 (labels) and the fluvial incisions developed on
the major erosion surface S4 (bolder line). The dotted lines correspond to proposed reconstructions of the incised valleys B and C. Vertical axis in ms (TWTT: two-way travel time)
and horizontal axis show Shot Point number (SP).
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Cand D), (3) the Mid-Miocene (Serravallian-Tortonian) fluvial remnants identified onshore at Lauzach and Réguigny (Brault et al., 2004), and (4) the “Quaternary incised valleys”
(Menier, 2004; Menier et al., 2006; Thinon et al., 2008). The Pleistocene incised fluvial network is preserved offshore until — 70 m where incision starts to fade over the mid-shelf
(Menier et al., 2006). Direct connection between networks is precluded by erosion onshore and by the major erosion surface S6 of the AS offshore.

and reflections are discontinuous, chaotic with possible channels
(Table 1) and show a seaward dip of c. 5° (Fig. 5). The seismic facies is
similar to U5 suggesting sandy material. The upper boundary of U6
corresponds to the “flat” sea floor that forms the morphology of the
shelf. U6, as well as all the other seismic units (U1 to U5) is strongly
eroded at the sea floor. On GeoEtel-2008 seismic data (e.g. Figs. 4-6),
this erosion surface is resolved as 1) a proper erosion surface topped
by 2) a thin and discontinuous sediment cover (sub-unit U6b). This
sediment cover is made up of unconsolidated mixed terrigeneous and
bioclastic clayey sands of Holocene age. The age calibration of U6
cannot be attested with certainty as no sea floor sample exists in the
area except for U6b. Nevertheless, U6 being the last and thus youngest
unit of the AS we propose a Pliocene-Pleistocene age. This is also
supported by the complex internal stacking pattern with several
unconformities that may illustrate the impact of the Plio-Pleistocene
eustasy variations. S6 may therefore correspond to the last member of
a series of coincident erosion surfaces resulting from the dramatic
high-amplitude Pleistocene sea-level variations.

4.3. Summary

Our seismic interpretation allows the identification of six seismic
units separated by major unconformities. The first unit U1 corre-
sponds to the Paleozoic basement and the following ones represents
the Cenozoic sedimentary cover of the Armorican Shelf. Lithology,
calibrated from core samples and PENMA-1 well progressively
evolves from a biogenic carbonate-dominated sedimentation to
mixed bioclastic-terrigeneous deposits throughout the whole sedi-

ment section. Several unconformities show erosion features and both
S2 and S4 record phases of Cenozoic seaward tilting of the margin. S4
is the oldest erosion surface to exhibit deeply incised fluvial valleys. It
seems to mark an important step in the transition between the two
sedimentation styles stated above. In the following section we discuss
the age calibration of S4, the deciphering of the various controlling
parameters that lead to its generation, the morphology of the valley
reaches, and its significance in terms of paleogeography and evolution
of the shelf morphology.

5. Discussion

Existence of fluvial channels on the AS continental margin indicates
that rivers were once flowing over the emerged shelf but the strat-
igraphic position of the incised erosion surface S4 within sedimentary
succession is still unclear. These channel-like incisions had already been
described by Pinot (1974) and associated to a continuous Late Pliocene-
Pleistocene fluvial network extending over the AS and connecting
onshore valleys to the slope canyons. Nevertheless, careful study at the
newly acquired seismic data reveals that 1) the channels are associated
with the tilted Neogene S4 erosion surface and that 2) no direct
connections to the inner-shelf paleovalleys and/or slope canyons can be
traced.

5.1. Age calibration of S4

Seismic units (U4 and U5) on both sides of S4 have not been
properly dated making age calibration of this surface rather
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Fig. 9. Correlation of the AS seismic stratigraphy to (1) the Western Approaches seismic stratigraphy (e.g. Bourillet et al., 2003), (2) the onshore fluvial stratigraphy (Van Vliet-Lanoé
etal.,, 1998; Guillocheau et al., 1998; Brault et al., 2004), (3) the PENMA-1 section (Preux, 1978), (4) the global sea-level curve (modified from Haq et al., 1987), (5) the main orogenic
phases affecting the western Europe, and (6) the International Stratigraphic Chart of 2008 from the International Commission on Stratigraphy (www.stratigraphy.org).

speculative. Our interpretation and correlations to PENMA-1 indicate
that U3 and the base of U4 are of Late Oligocene and Early Miocene age
respectively, and that a Pliocene-Pleistocene age is confidently
attributed to U6. Therefore, the age of S4 is comprised between Early
Miocene and at some stage in Pliocene. By analogy to the documented
stratigraphy of the nearby Western Approaches (Fig. 9) where incised
valleys are also identified (Evans and Hughes, 1984; Powell, 1988;
Reynaud et al., 1999; Bourillet et al., 2003; Stewart and Davies, 2007),
two hypotheses can be formulated as follows. These hypotheses are
then tested using the event timing of regional and global controlling
parameters (tectonic deformation, eustasy, and climate) that have
been recorded in Western Europe and in other remote margins.

5.1.1. Hypothesis 1 — “Late Miocene-Pliocene” age model

In this model, 1) U4 is the lateral equivalent of both Jones and
Cockburn formations that are of Early to Mid-Miocene (Aquitanian-
Serravallian) and of Mid- to Late Miocene age respectively (Evans
and Hughes, 1984; Powell, 1988), and 2) U5 and U6-U6b correspond
to both the Plio-Pleistocene Little Sole formation and the Pleistocene-
Holocene Melville formation respectively. In such context, S4
and associated valleys are likely of Late Miocene-Pliocene age.
This is in agreement with both the Messinian age preferred
by Bourillet et al. (2003) and the Late Pliocene age proposed by
Reynaud et al. (1999) for the lateral equivalent of S4 in the Western
Approaches.
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5.1.2. Hypothesis 2 — “Mid-Late Miocene” age model

In this model, U4 has only the Jones formation as lateral equivalent
whereas the Cockburn formation correlates with U5, and both U6 and
U6b are equivalent to the Little Sole and the Melville formations. Thus
S4 developed earlier, close to the Mid-Late Miocene boundary. Such an
attribution is also consistent with the study of Bourillet et al. (2003)
that indeed proposed an age ranging from c. 12 Ma (Serravallian-
Tortonian) to c¢. 5Ma (Messinian). Late Pliocene incised valleys
(Reynaud et al., 1999) would find more suitable equivalents within
U6 where channels are described.

Without reliable ages, discussing S4 age models requires to
determine the possible control parameters that lead to S4 development
and the related timing of events. Fluvial incisions into marine deposits
evidence the emergence of the shelf that implies an important relative
sea-level (base-level) fall. Such a fall find its origin in either (1) a
tectonic deformation (local uplift) and/or (2) an eustatic fall (global).

5.2. Cenozoic tectonics

Tectonic deformation within the sedimentary succession of the AS
and identified on seismic data is characterized by sub-vertical faults
and associated folds that affect mostly the seismic unit U2
(Paleocene-Eocene). Angular unconformity S2 seals most of the
brittle deformation and only few faults traverse the following seismic
units (Figs. 4 and 5). S4 corresponds to another angular unconformity
that shares several features with S2, including toplap terminations of
U4 reflections.

Over the Bay of Biscay area and over the AS, the Cenozoic tectonic
deformation is attributed to the alpine orogeny s.l. (Fig. 9). Two major
phases are recognized in the literature (Ziegler, 1990; Bourrouilh
et al,, 1995). The Pyrenean phase s.l. extends from Eocene to Mid-
Oligocene (Gély and Sztrakos, 2000, 2001). It is expressed on the AS as
the series of sub-vertical faults (reactivated Variscan structures) and
folds visible in the contemporaneous seismic unit U2 (Bouysse and
Horn, 1971; Delanoé, 1988), and as the Oligocene angular unconfor-
mity S2 that mostly seals this deformation (Figs. 4 and 5).
Contemporaneously with the Late Pyrenean phase is the first basin
inversion of the Western Approaches Trough (Ziegler, 1987). The
second phase of deformation is related to the Miocene Alpine
contractional phase. Its record on the AS may correspond to the
play of part of the Paleogene sub-vertical faults that affect seismic
units from U3 to U6 (Oligocene to recent). Similarly to S2, erosion
surface S4 is an angular unconformity that also highlights and seals a
Neogene tilt of the AS toward the SW (Figs. 4 and 5). This phase is also
contemporaneous with a new phase of inversion in the Western
Approaches Trough, and both are of Mid-Late Miocene to Pliocene age
(Ziegler, 1987, 1990; Guillocheau et al., 2000). Thus, Neogene tectonic
deformation phases provide a good framework to explain the various
features identified on seismic data. Unfortunately, the duration of
these phases and the poor age control on their pulses preclude any
accurate age calibration of S4. Alternatively, northwest European
passive margins undergone both tilting and sagging attributed to
mantle-driven processes during Cenozoic (Praeg et al., 2005) but the
timing and signature of deformation differ from what is recorded
along the AS. Finally, looking at the present day architecture of the AS
margin (Fig. 4), the angular erosion unconformity S6 attests a Plio-
Pleistocene tilt of the margin that has increased the subsidence of the
outer shelf and the burial and preservation of S4 incised valleys.

5.3. Cenozoic eustasy

During Cenozoic, sea level has undergone important and abrupt
changes (Fig. 9) accompanying the overall transition from the
Mesozoic Early-Cenozoic greenhouse to the Quaternary icehouse
conditions (Haq et al., 1987, 1988; Miller et al., 1998, 2005). One
example is the postulated Mid-Oligocene eustatic lowstand visible on

the eustatic curve of Haq et al. (1987, 1988) close to the Rupelian-
Chattian boundary, or alternatively attributed to an earlier Oligocene
cooling event by Miller et al. (2008). According to different studies the
estimated amplitude of the fall varies from — 160 m (Haq et al., 1987)
to —55 m (Miller et al., 2005). On the AS, this documented Early- or
Mid-Oligocene eustatic fall correlates fairly well with the S2 erosion
unconformity and is also illustrated by the transition from the outer-
shelf Eocene marine deposits from shallower inner-shelf Oligocene
deposits described at PENMA-1 (Preux, 1978; Guillocheau et al., 2003)
(Fig. 3). Thus, the generation of S2 unconformity and its character-
istics would result from the combined effects of both tectonic
deformation and a eustatic sea-level fall.

Considering the similarity between S2 and S4 unconformities (Fig. 5),
and especially the existence of incised fluvial valleys (Figs. 4-6),
the generation of S4 would have required a relative sea-level fall
following the Oligocene fall event with amplitude similar or greater. One
other major climatically-induced sea-level fall documented worldwide
for this period starts during the Late Langhian-Early Serravallian (c.
14 Ma) and culminates around the Serravallian-Tortonian boundary
(Mid-Late Miocene boundary at 11.608 Ma — GSSP; Hilgen et al., 2005)
(Haqetal.,, 1987, 1988; Kominz et al,, 1998; Miller et al.,, 1998; John et al,,
2004; Miller et al., 2005). The Serravallian-Tortonian boundary
correlates to the glacio-eustatic lowstand T3.1 (Haq et al., 1987, 1988)
associated with the permanent establishment of the East Antarctic Ice
Sheet (Zachos et al., 2001). The amplitude of the Middle Miocene sea-
level fall estimated in former studies is still debated with values ranging
from —25m to — 180 m (Haq et al., 1987; Pigram et al., 1992; Miller
etal., 1998; John et al.,2004). We propose that S4 and associated channel
incisions were completed close to the Serravallian-Tortonian boundary
at ¢. 11.6 Ma with a probable initiation occurring earlier during Late
Langhian-Early Serravallian. The onset of the Icehouse and long-term
sea-level lowstand conditions would also explain the presence of several
younger (e.g. Tortonian and Messinian) channelized erosion surfaces
identified within U5 and U6 (Figs. 4 and 5). In addition, Mio-Pliocene
fluvial network remnants have been described onshore in Brittany
(Guillocheau et al., 1998; Van Vliet-Lanoé et al., 1998) in several places
including Lauzach and Réguigny (Fig. 8). The basal fluvial deposits filling
the oldest incised valleys have been dated by ESR at 8.7 4- 1.5 Ma within
the Tortonian (Van Vliet-Lanoé et al., 1998; Brault et al., 2004). This
suggests a possible Serravallian or Early-Tortonian age for the incision
phase. The reconstruction of the Tortonian network provided by Brault
et al. (2004) and based on paleocurrent directions shows a southwest-
ward direction for both the onshore Tortonian and the supposedly
contemporaneous offshore S4 fluvial networks (Fig. 7). In addition,
onshore outcrops exhibit several erosion surfaces and associated fluvial
networks (Brault et al, 2004). This configuration is shared by the
offshore buried valleys that show several younger incisions (Fig. 6). Thus,
both offshore and onshore networks could be genetically linked.
Unfortunately, due to the joint effects of (1) the Neogene seaward
regional tilting of the AS and (2) the wave abrasion that occurred during
the Plio-Pleistocene sea-level fluctuations and gave its shape to the
present day AS (polygenetic wave-planed surface), the channelized
erosion surface is only preserved 100 km offshore the present day
coastline. Such configuration avoids direct correlations between this
distal buried fluvial network and the onshore one. In the same way, the
question could be asked about the age of the so-called Quaternary inner-
shelf incised valleys. If a Plio-Pleistocene age for the sedimentary fill
sounds reasonable (Menier et al., 2006; Proust et al., 2010), the incision
phase could be underestimated (Menier, 2004) and be reassessed to the
Mid-Miocene time.

Compared to surrounding areas, a Serravallian-Tortonian boundary
age attribution for S4 seems reasonable. Over the North Aquitaine Shelf,
Bellec et al. (2009) describe several unconformities showing incised
valleys. They propose that these surfaces formed during the successive
Langhian to Early-Tortonian sea-level falls, the last one being the most
erosive and correlating T3.1 sea-level fall of Haq et al. (1987) as
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proposed for S4 on the AS. The absence of earlier incisions below S4,
within U4, may be explained by (1) lower subsidence and sedimenta-
tion rates of the AS area that resulted in the stacking of all surfaces in
only one (S4) or (2) because incisions occurred landward and have been
eroded later (Fig. 5). Over the Western Approaches, the age of the
incised valleys is still debated but Bourillet et al. (2003) propose an age
ranging from 12 to 5 Ma (Serravallian to Messinian) based on a range of
subsidence rates. Such an age range is compatible with our age
estimation for S4. Likewise, major erosion unconformities attributed
to Mid- to Late Miocene sea-level falls are described in other remote
passive margins such as the New Jersey shelf (Fulthorpe et al,, 1999), the
northern Java shelf (Posamentier, 2001), and the Gulf of Lions (Besson
etal., 2005). The sea-level fall at the Serravallian-Tortonian boundary is
specifically preferred as the triggering event for several of these surfaces
such as in the Gulf of Papua (Tcherepanov et al., 2008) or in the Gulf of
Lions (Lofi and Berné, 2008).

We thus favor the second hypothesis, and consequently attribute a
Tortonian age to U5 (equivalent of the WA Cockburn formation and
the first onshore “Red Sands” (Fig. 9). Erosion surface S5 could be of
Messinian or basal Pliocene age (Haq events TB3.4 or 3.6). U6 would
therefore correspond to the Pliocene-Pleistocene outer-shelf sedi-
mentary prism and is a lateral equivalent of the Little Sole formation.

The Serravallian eustatic fall would have thus progressively
exposed the shelf of the AS, thus creating the major unconformity S4
and associated channels. This event took place while the whole AS
undergone a regional tilt related to the Alpine orogenic phase. It results
that S4 developed also as an angular unconformity. This tilt has
induced alocal uplift of the area thus increasing the effect of eustasy on
the relative sea-level fall, and enhancing the stratigraphic signature S4.

5.4. Significance of the valley morphology

At its lowest, the Serravallian-Tortonian sea level may have
reached depth close to or even below the smooth and rounded
clinoform breakpoint. Potential connection between S4 incised valleys
and hypothetical Mid-Miocene slope canyons, is not yet demonstrat-
ed. This is mainly due to the scarcity of data and their rather low
penetration where the Mid-Late Miocene strata are buried below the
thick Plio-Pleistocene wedge. Nevertheless, when looking at the
vertical incision depth of the four valleys, it tends to decrease
southwestward (seaward) indicating that valleys and canyons are not
directly connected.

Alternatively, depth of vertical fluvial incision on shelves is often
considered as a proxy for estimating the depth reached during the sea-
level lowstand. Concerning the valleys described in this study, the use of
the depth of channels, to estimate the contemporaneous sea-level
appears problematic. The observed variability of depth incision of one
valley between seismic sections corresponds to large-scale undulations
of the river bottom longitudinal profile and suggests a riffle-pool
sequence morphology developing on a sinuous channel (Richards,
1982; Lofthouse and Robert, 2008). Testing this hypothesis would
require additional data in order to constrain the three-dimensional
morphology of the channels, the length of the riffle-pool sequence, and
finally, to discuss the potential river characteristics (e.g. water discharge,
sediment load, and grain-size). The “pool” areas may also be controlled
by the confluence of one or more tributaries with the main channel. In
addition, we consider that the young and unconsolidated lower to
Middle Miocene series, incised by the Mid-Miocene rivers, has played a
significant role by facilitating the incision in the “pools” areas. Such
variability of the depth of incision thus precludes accurate and reliable
estimation of the depth reached by the sea level during the Late
Serravallian-Early-Tortonian lowstand. Moreover, the tectonic tilt of the
margin and the associated uplift of the area, evidenced by the angular
unconformity S4, have also played a role in the relative amplitude of the
sea-level fall. Additional data are needed to better understand the valley
morphology and its relation with the shelf edge.

6. Conlusions

High-resolution seismic data recently acquired on the Armorican
Shelf reveal the presence of buried channel incisions developed on a
widespread erosion surface S4, c. 100 km from the present day coast-
line. Reconstruction of the paleo-fluvial network reveals the sinuosity
of the valleys and the potential riffle-pool morphology. These
incisions are the same described by Pinot (1974) but considering
their stratigraphic position, a Quaternary age is unlikely. Based on the
seismic interpretation of the AS stratigraphy, correlation to the
eustatic sea-level curve of Haq et al. (1987), and from comparison to
other margins, we propose that the unconformity S4 is rather of Mid-
Neogene age. We also assume that the relative sea-level fall required
for creating such fluvial incisions on an exposed shelf was predom-
inantly controlled by eustasy. As an angular unconformity, S4 devel-
oped contemporaneously with a tilting of the margin related to the
Miocene Alpine orogenic phase. The associated uplift may have
increased the relative sea-level fall in the area, thus favoring the
emersion of the shelf. The most suitable eustatic fall event in terms of
timing and amplitude initiated in the Serravallian and culminated at
the Serravallian-Tortonian boundary. Therefore we proposed an age
of ¢. 11.6 Ma for the completion of these incisions. Such an attribution
needs to be validated by new samples as other potential ages are
proposed in other studies for surrounding analogues. These valleys
correlate well in both age and direction with Mid-Miocene incised
valleys described onshore, over Brittany. The question remains on the
age of the incision phase of the inner-shelf Quaternary incised valleys.
This improves our knowledge of the local Miocene paleogeography.
Together with recent results on the North Aquitaine shelf, these
results provide new arguments that tend to confirm the significance
of the eustatic fall at the Serravallian-Tortonian transition and its
record on the northern margin of the Bay of Biscay. The expression of
the Serravallian-Tortonian boundary on the AS margin marks the
beginning of high-amplitude eustatic fluctuations (icehouse) culmi-
nating during Pleistocene and creating its present day plateau
morphology (polygenetic wave-planed surface). The variation in the
depth of incision characteristic of riffle-pool morphology limits the
ability to quantify the relative and/or absolute sea-level fall. We finally
point out that the detailed knowledge of the valley three-dimensional
morphology (riffle-pool, meander) is requested before interpreting
the significance of the incision depth in terms of local and global
controls. Additional data acquisition and interpretation are requested
to better constrain the geometry of the network and the relationship
with the shelf edge and potential interactions with Miocene slope
canyons.
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