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(1T 0 o 1T o= 0 SR 38
Fig. 16: a: Dune field location (the Bay of Brest). b: Zoom on the dune field. The white lines represent
the crests of the dunes, the red arrow represents the transport direction interpreted from dunes
asymmetry and the red dashed line represents the cross-section. (c) grain size characteristic of the



dune and picture. d: Cross-section A-B to the dune ridges, the red arrow illustrates the transport
orientation (Gregoire, 2016). ...ccuuiieicieee e ccieee ettt e ecee e et e e e et e e e e e stte e e e s eate e e e e bteeeesnteeeeentaeeeeraaeeennnees 39
Fig. 17: Resume of morphological indices of transport on the seafloor in the Bay of Brest. Red arrows
represent the interpretation of currents directions. Letters represent the sediment structures
interpreted: QC are comet tails, Du are dunes (Gregoire, 2016).......cccccccuveeeeciieeeeciiee e eeiee e 40
Fig. 18: (a) Schematic map showing the typical distribution of channel forms and subenvironments in
a sandy macrotidal estuary, based on systems such as the Cobequid Bay-Salmon River and Bristol
Channel-Severn River estuaries. The large white arrows indicate sediment movement into the
estuary from both the landward (fluvial) and seaward directions. (b) Longitudinal distribution of
wave, tidal and river energy (Modified after Dalrymple et al. (1992) and Dalrymple and Choi (2007).
The ‘tidal maximum’ is the location where the tidal-current speeds are greatest. (c) Longitudinal
distribution of bed-material (sand) grain size, showing the presence of a grain-size minimum near the
location where flood-tidal and river currents are equal (i.e., the bedload convergence), and of
suspended-sediment concentrations, showing the turbidity maximum. (d) Longitudinal distribution of
the relative proportion of sand- and mud-sized sediment in the deposits. e) Longitudinal distribution
of trace fossil characteristics, based on Lettley et al. (2005) and MacEachern et al. (2005). (Dalrymple

BT AL, 2002) i e e e e e e e e e e—— e e e e ——e e e e b—eaeeabbeaeaaaaeeeeabtaeeeaaraeeeataeeeeannres 41
Fig. 19: Variations of bar morphology after one year of mixed fluvial and tidal currents, followed by
one year of only tidal currents. (van de Lageweg and Feldman, 2018). ......c.cccveeeeviiereeecieeeecciee e 42

Fig. 20: Spatial distribution of depth-averaged mud SSC (suspended sediment concentration) in the
1960 (top panels) and 2010 (bottom panels) configurations. Median values over a neap-spring tidal
period during a, c low river flow (Qmean = 340 m3.s-1) and b, d high river flow (Qmean = 1340 m3.s-
1). The white contours represent 5m isobaths, the black dashed line represents the lower-most
estuary limit used for SSC analyses (Grasso and Le Hir, 2019). ....ccccveiieciiieeecciee e 43
Fig. 21: Erosion and sedimentation patterns over the 1860—1970 period. (a) Measured. (b) Modelled.
Black dashed line indicates the 1860 plan form. Black solid line indicates the -5m contour line of the

1860 bed level (DAam €t al., 2016). ..cccccuveeeeieieeeeiiieeeee e eeeerree e e e e e eertrreeeeeeeeesesrareeeeeeeeessssrareeseeeenannes 44
Fig. 22: Morphological changes of the Mekong coast (upper panel) and Bassac estuary (lower panel)
after 5 and 10 years of simulation (Tu et al., 2019). ....cccouiiiiiiiee e e 45

Fig. 23: Some examples of neap/spring cycle records in planar bedding (N= neap: S=spring). (A)
neap/spring cycle records with sand-mud centimetre-scale tidal cycles. Notice the well-developed
dark beds corresponding to the neap stages. Scale bar= 3 cm; (B) neap/spring cycle records with
sand-mud millimetre-scale tidal cycles. Notice the well-developed dark beds corresponding to the
neap stages. Scale bar = 10cm; (C) neap/spring cycle record with mud dominated centimetre-scale
tidal cycles. Scale in centimetres; (D) neap/spring cycle record with sand dominated centimetre-scale
tidal cycles. Scale bar=5 cm (TeSSIEr, 1993) ....ccciiiiieciiie ettt ee e e ettt e e e eeate e e e searaeeeeearaeeaeans 46
Fig. 24 : Internal sedimentary structures typical for tidal flat deposits. (a) Bidirectional dune cross-
bedding with current dominance from right to left; (b) Bidirectional ripple crossbedding with well-
developed herringbone structures; (c) Partly bioturbated sand with shell layer at depth and shell lag
at the surface. Note partly excavated shell of the bivalve Mya arenaria in live position; (d)
horizontally bedded sands above several convoluted bedsets; (e) Multidirectional wave and current
ripples in sand. Note the absence of clear herringbone structures; (f) Partly bioturbated, horizontally
bedded sand in lower part of core, grading into partly bioturbated rippled sand in upper part; (g)
Flaser bedding typical for muddy sand facies; (h) Lenticular bedding typical for sandy mud facies; (i)
Weakly laminated sand in lower core, followed by well-preserved lamination in upper core, both
penetrated by a large worm tube, possibly of Arenicola marina (u-part hidden); (j) Rooted salt marsh
deposit (FIEMMING, 2012). ..ooiiiiee ettt e e e e e e et e e e e ae e e e abte e e e abaeeeeanseeeeesnsteeeennsaneeennsens 47
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Fig. 25: A) Seismic line samples and B) representative cores collected in the Mont-Saint-Michel bay.
C) lllustrative model of infilling with main systems tracts and surfaces according to a longitudinal
cross-section (approximately parallel to the incised valley). On B: Ages indicated along the cores are
years cal BP; SD: storm dominated facies; TD: tide-dominated facies; WSBB: well-sheltered back-
barrier facies; EBB: exposed back barrier facies. Grain-size: p — peat, ¢ — clay, s — silt, fs — fine
sand, ms — medium sand, cs —coarse sand, and g —gravel. On C: TST: transgressive systems tract;
HST: highstand systems tract, MFS: maximum flooding surface; and LLTL: lowest low tide level
(TESSIEE €T L., 2012). cerreeiiiieeeeeieeeee ettt e eeeer e e e e eeesaba b e e e e e e e eeesaabaaaeeeeeeseessstsaseeseeesaasssrreaeeaeees 48
Fig. 26: Stratigraphic organization of the sedimentary infill of the main modern (Holocene) tide-
dominated estuaries, including as well the mixed-energy estuary of the Gironde, and the tide-
dominated delta of the Yangtze (a tide-dominated estuary during the transgressive systems tract
deposition). The Cobequid Bay—Salmon River estuary (Bay of Fundy, Canada). The South Alligator
estuary (van Diemen Gulf, North Australia). The Gironde estuary (Central Bay of Biscay, SW France).
The Seine estuary (Bay of Seine, NW France). The Mont-Saint-Michel estuary (Norman-Breton Gulf,
NW France). The Vilaine estuary (Northern Bay of Biscay, NW France). The early Holocene Yangtze
estuary (East China Sea, China). The Qiantang River estuary (Hangzhou Bay, China). SB: Sequence
Boundary, TS: Transgressive Surface, TRS: Tidal Ravinement Surface, WRS: Wave Ravinement Surface,
MFS: Maximum Flooding Surface, LST, TST, HST: Lowstand, Transgressive, Highstand Systems Tracts),

TDD Tide Dominated Delta (Tessier, 2012 and referenCeS)......ccoocvuvreeiieeeeieiiiirreeeee e eeeeireeee e eeeeeireeeees 49
Fig. 27 : Definition of accommodation (Granjeon, 1996)..........cccccuiieeiiiieieeciiiee e e e e e 52
Fig. 28: Hierarchy of factors influencing sedimentation (Rabineau, 2001)........ccccccceveviiveeeecieeeecnnnenn. 53
Fig. 29: Schematic representation of the hydro-sedimentary modelling. ..........ccccvveeiiiiciiiieeee s 54
Fig. 30: Temporal evolution of the global dimensionless net sediment flux Qs tot. .......cccccovvveernneenn. 56

Fig. 31: Present-day bathymetric map of the Bay of Brest, generated from SHOM'’s data (2015). The
inset-bathymetric section is represented by a blue line on the map. Blue line section correspond to
the present-day bathymetry and the black one to the beginning of the Holocene filling of the Bay of
Brest terraces (9 ka cal.BP). T1: paleo main channel. T2: deepest stage of terraces. T3: shallowest
stage of terraces. Black dotted box represents the limits of the central area and red dotted box is the
[IMILS OF the UPPOI @@ ..eiii et s e e et e e e et e e e s e ab e e e e e sbeeeesasbeeeeannraees 58
Fig. 32 : Synoptic diagram of the genesis of the Bay of Brest since the beginning of the Tertiary
period. Flooded areas are represented in blue. The other colours represent emerged areas from the

lowest (white) to the highest (brown, Hallegouet et al., 1994). .......ccoooiiiiiiiiiiiicee e 59
Fig. 33 : Paleogeography during the LGM (Ehlers and Gibbard, 2004) .........cccceeeiiiieciiieeeciieeeeee, 60
Fig. 34 : Soil composition at 18 ka (ANDRA - CNF-INQUA - IGN).....ccceiriiriirieeieeeeseenee e 60

Fig. 35: Inter-regional comparison of RSL records from Western Brittany (brown boxes), South-
western UK (Devon, Cornwall e black boxes), Central UK (Hampshire green boxes), Seine estuary
(Blue boxes) and Western Belgium (red boxes) during the last 8 ka B.P. Mind that all represented
data basal SLIPs (sea-level index points), excepted thin contoured brown boxes and SLIPs from
Hampshire. These latter may thus have been lowered by some post-depositional compaction and
hence potentially underestimate RSL position (Goslin et al., 2015).......ccceovciiieiiiiiee e, 61
Fig. 36: Key stages of the Bay of Brest flooding, during the Holocene transgression. Subtidal areas are
in blue; intertidal areas are in orange; emerged areas are in red. T1: paleo main channel. T2: deepest

stage of terraces. T3: shallowest stage of terraces. ......cooovevei e 62
Fig. 37: (a) Location map of all seismic profiles used in this study (Gregoire et al., 2017). (b) Location
map of seismic lines and gravity-cores shown in this study. ........cccceeveiiiiiiiiii e, 64

Fig. 38: Stratigraphic log over the Holocene period in the Bay of Brest on top (chronology from
Gregoire et al., 2017). The vertical scale displays approximative global unit thicknesses and the
horizontal scale represents approximative mean grain size of units (lines are not straight, as mean
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grain size changes within units). Approximative mud and sand proportions are displayed in brown

= 0o IRY7=1 1o 2RSSR 65
Fig. 39: Fence diagram of seismic profiles showing the internal architecture of the main Aulne axis
and its secondary network (location on Fig. 37b, profiles 1 to 6). Dashed lines were used where the

acoustics masks (gas) can hide the reflectors architecture (Gregoire et al., 2017).....cccccvvveevrveeennnen. 66
Fig. 40: Thickness maps of sediment unit U0, reconstructed with from seismic interpretations of
GIEEOINE (2016). weiiiuiieieeciiieeeece et e ettt e e ettt e e eetaeeeeeeabaeeeesaaee e e ssbee e e sbaeaeaassseeeeassaeeeeassseeesanssaeesansseeeeansres 67
Fig. 41: (On top) Interpreted seismic profile (location on Fig. 37b, profile 7). (on bottom)
Photographies and lithologic 10g for cores KS_39. ...ttt e 68

Fig. 42: Seismic SRQ 20010 profile (on top) and its interpretation (on bottom, location on Fig. 37b,
profile 10). The vertical scale is in ms two-way travel time for the seismic line and in meters for the
interpretative profile. Horizontal scale is in meters (Gregoire et al., 2017). ...cccceeeecveeeeccieeeecciee e, 69
Fig. 43: Thickness maps of sediment unit U1, reconstructed from seismic interpretations of Gregoire
70 ) TR SRR 70
Fig. 44: (on top) Interpreted seismic profile (location on Fig. 37b, profile 8). (on bottom)
Photographies and lithologic logs for cores Ks_41 and Ks_44. Dashed purple and orange lines are
markers from seismic interpretation and full purple and orange lines represent the interpreted top of
U1 and U2 (made to compensate the difference of resolution between cores and seismic profile)... 71
Fig. 45: Thickness maps of sediment unit U2, reconstructed from seismic interpretations of Gregoire
70 ) RS 72
Fig. 46: (on top) Interpreted seismic profile (location on Fig. 37b, profile 9). (on bottom)
Photographies and lithologic logs for cores Ks_41 and Ks_44. Dashed purple and orange lines are
markers from seismic interpretation and full purple and orange lines represent the interpreted top of
U1 and U2 (made to compensate the difference of resolution between cores and seismic profile)... 74
Fig. 47: Thickness maps of sediment unit U3, reconstructed from seismic interpretations of Gregoire
710 ) TR PP PTPPRRPPRTPRO 75
Fig. 48: (on top) Grain size distribution of the present-day seafloor of the Bay of Brest. (On bottom
left) Sediment figures observed over the seafloor. (On bottom right) The present-day bathymetry

(T =T = oYL= A 1 ) IR USSR 76
Fig. 49: Delimitation of the sub-watersheds of the Bay of Brest (Gregoire, 2016).......cccccceecuvereeennnenn. 78
Fig. 50: Workflow describing the main steps realised in ouUr StUAY .........coevviiiieiiiiieeiieee e, 81

Fig. 51: Cross-sections of sediment unit thicknesses (in meters): black lines represent the top of UO,
yellow lines the top of U1, red lines the top of U2 and blue lines the top of U3. Inset maps show the
locations of cross-sections in the upper area (a, c, e, g) and in the central area (b, d, f, h). Grey lines
represent the highest free surface level (HT: Highest Tide) and the lowest free surface level (LT:
Lowest Tide) of the corresponding scenario (a and b: scenario 1; b and c: scenario 2; e and f: scenario
=Y o [ B Yol T o F= T T 1 1SRRI 83
Fig. 52: Paleobathymetric maps of the top of U0, Ul and U3, relative to the present-day sea-level.
Red lines represent the superimposed boundaries of the morphological domains (T1, T2, T3).......... 85
Fig. 53: Bathymetric map of the Bay of Brest basement relative to the present-day mean sea-level.
The inset-map, modified from SHOM (2015a), shows the tidal range of an exceptional spring tide
(tidal range between 7.5 and 8 m). T1: main channel. T2: first terraces stage. T3: the shallowest

L0=] o = Lol LT PSPPSR PPPPTPPPI 93
Fig. 54: Present-day bathymetric section relative to the present-day sea-level. T1: main channel. T2:
first terraces stage. T3: the shalloWest terraces. ......cccviiiicieie i i e eerae e 94

Fig. 55: Significant wave height in the Iroise Sea (a and c) and in the Bay of Brest (b and d). aand b
are screen shot at 2 p.m. on 28/12/2020 during the Bella storm (wind: 40 km/h from NW, waves:
from WSW). c and d are screen shot at 11 a.m. on 25/04/2021 (wind of 33 km/h from NE, waves
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from WSW), which represent a usual forcing over French Brittany coast. Data and illustrations from
the marc operational forecast system (see website: http://marc.ifremer.fr/). ..ccccooevveeiiiieicreennnnn. 95
Fig. 56: Stratigraphic log of the Holocene period in the Bay of Brest (modified from Gregoire, 2016).
The vertical scale varies with the thickness of the units and the horizontal scale represents the global

Brain SIZ€ OF TNE UNIES. weeiiieiiii e e e e e e te e e e et e e e e srtee e e sanaeeeeeasees 96
Fig. 57: Top UO bathymetric section relative to the present-day mean sea-level. Red lines represent
the mean sea-level at 9 000, 7 500 and 7 000 years Cal BP. ........ccuviiieeeee et 96
Fig. 58: Thickness maps of sedimentary units U0 to U3 (vertical seismic resolution around 1m)
reconstructed with GMT from seismic interpretations of Gregoire (2016).......cccccceeeeecreeeeecreeeeccnnenn. 97

Fig. 59: Bathymetric maps of the top of UO, U1 and U3, relative to the present-day sea-level. Red
lines represent the superimposed boundaries of the morphological domains of the basement map

Fig. 60: Mean velocity and direction of tidal currents over one flood of maximum spring tide. a:
scenario 1 (beginning of U1 deposits); b: scenario 2 (end of U1 deposits); c: scenario3 (beginning of
U2 deposits); d: scenario 4 (top U3, Still aCtIVE)......ueeieeciiee ettt et 104
Fig. 61: Mean velocity and direction of tidal currents over one ebb of maximum spring tide. a:
scenario 1 (beginning of U1 deposits); b: scenario 2 (end of U1 deposits); c: scenario3 (beginning of
U2 deposits); d: scenario 4 (top U3, still aCtiVe)....c.ueeiieiiee et 105
Fig. 62: Percentiles 90 of barotropic currents over one year, for ebb (3, c, e, g) and flood (b, d, f, h)
tides during each scenario. The level Om represents the mean sea-level of the scenario and red lines
are the limits of the morphological dOMaiNS. ........ccuviiiiiiiii i e 107
Fig. 63: Deposition potential (a: mud) and erosion potential indexes (b: fine sands, c: sands, d:
gravels) calculated for scenario 1 (beginning of U1 deposits). Black lines represent the area above the
mean sea-level and white zones are equal t0 O........coovciiii e s 109
Fig. 64 : Deposition potential (a: mud) and erosion potential indexes (b: fine sands, c: sands, d:
gravels) calculated for scenario 2 (end of U1 deposits). Black lines represent the area above the mean
sea-level and white zones are @qUAl £0 0. ......cocuviiiiiiiie i e st searae e 110
Fig. 65: Deposition potential (a: mud) and erosion potential indexes (b: fine sands, c: sands, d:
gravels) calculated for scenario 3 (beginning of U2 deposits). Black lines represent the area above the
mean sea-level and white zones are equal t0 0.......coeii i 111
Fig. 66: Deposition potential (a: mud) and erosion potential indexes (b: fine sands, c: sands, d:
gravels) calculated for scenario 4 (top of U3 deposits, still active). Black lines represent the mean sea-
level and white zones are @qUAl t0 O.......ceeie i e e e e e e e rar e e e e e e e anes 112
Fig. 67: Present-day bathymetric map of the Bay of Brest, generated from SHOM data (2015). The
inset-bathymetric section is indicated by a blue line on the map. On this section, the blue line
corresponds to present-day bathymetry and the black line to the beginning of the Holocene infilling
of the Bay of Brest (9 ka BP). T1: paleo main channel. T2: deepest stage of terraces. T3: shallowest
stage of terraces (delimited by grey lines). Black dotted box represents the limits of the central area
and red dotted box shows the limits of the upper area of the Bay. ........cccceccvveeieieei e 124
Fig. 68 : a: theorical logs for each morphological domain over the Holocene time interval in the Bay of
Brest (from the interpretation of 10 cores and previous study of Gregoire, 2016). Muds are displayed
in brown and sands in yellow. c: Sedimentary units chronology (from Grégoire, 2016) and simplified
sea-level curve over the Holocene. c: two sections present the depth of each sedimentary unit top,
relative to the present-day mean sea level: black line for the top of UO, purple for the top of U1,
orange for the top of U2 and light blue for the top of U3 (top corresponding to remarkable
stratigraphic surfaces, see Gregoire et al., 2017). ...ccueeieiiriiee ettt et eerae e 126
Fig. 69: (a) Location map of all seismic profiles used in this study (from Gregoire et al., 2017). (b)
Location map of gravity-cores used in this study (sections 2.6. and 3.). Black line represents the
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seismic profile presented in section 2.6 and grey lines the seismic profiles available in supplementary
material. The brown dashed rectangle is the area considered by mass balance calculation (Tab. 7).131
Fig. 70: (Top) Interpreted seismic profile (location on Fig. 69, profile 7). (Bottom) Photography and
lithologic log for core Ks_39. c: clay, sc: silt and clay, s: silt, vf: very fine sand, f: fine sand, m: medium
LY [ e Mo oo F=1 £Y=N-Y=1 1 [« FAP U TP 134
Fig. 71: Bathymetric evolution after 1 year for scenario 1 (9 k. BP). Red lines are morphological
domain limits (T1, T2 T3) and the black line is the present-day coastline. Grey lines represent the
mean sea-level (-26 m). The inset map is the thickness map of U1 modified from Olivier et al. (2021).

Fig. 72: Grain-size class evolution after 1 year for scenario 1 (9 ka BP): a mud, b fine sand, ¢ sand, d
gravel. Black circles indicate locations where the corresponding grain-size class were recorded by
cores. Core names are available in grey. Grey lines represent the mean sea-level and red lines are
MOrphological domMain HMILS. ......ccuiiieiiiiee e e e e e e e e e e e earaee e e earees 137
Fig. 73: Bathymetric evolution after 1 year for scenario 2 (7.5 ka BP). Red lines are morphological
domains limits (T1, T2 T3) and black line is the present-day coastline. Grey lines represent the mean
sea-level (-10 m). The inset-map is the thickness of U1 modified from Olivier et al. (2021). ............ 138
Fig. 74: Grain-size class evolution after 1 year for scenario 2 (7.5 ka BP): a mud, b fine sand, c sand, d
gravel. Black circles show where the corresponding grain-size class were recorded by cores. Core
names are available in grey. Grey lines represent the mean sea-level and red lines are morphological
(o FoT a0 F= 11 0 I 110 0 £ PSSP 139
Fig. 75: Bathymetric evolution after 1 year for scenario 3 (7 ka BP). Red lines are morphological
domain limits (T1, T2 T3) and the black line is the present-day coastline. Grey lines represent the
mean sea-level (-5 m). The inset map is the thickness of U2 modified from Olivier et al. (2021)...... 140
Fig. 76: Grain-size class evolution after 1 year for scenario 3 (7 ka BP): a mud, b fine sand, ¢ sand, d
gravel. Black circles show where the corresponding grain-size classes were recorded by cores. Core
names are available in grey. Grey lines represent the mean sea-level and red lines are morphological
(o o aa = 11 o T 1o a1 £ O PTTPTURPRPPPR 141
Fig. 77: Bathymetric evolution after 1 year for scenario 4 (present-day). Red lines are morphological
domain limits (T1, T2 T3) and the black line is the present-day coastline. The inset map is the
thickness of U3 modified from Olivier et al. (2021). ......ooieeiieieiieee ettt e 142
Fig. 78: Grain-size class evolution after 1 year for scenario 4 (present-day): a mud, b fine sand, c sand,
d gravel. Black circles show where the corresponding grain-size classes were recorded by cores. Core
names are available in grey and red lines are morphological domain limits.........ccccccoeeeciiieeeeeennnnns 143
Fig. 79: Cross-section of sedimentary unit thicknesses (black line top of UQ, purple line top of U1,
orange line top of U2 and blue line top of U3) compared to simulated bathymetric evolution over 1
year, in the central area (a: scenario 1, c: scenario 2, e: scenario 3, and g: scenario 4) and in the upper
area (b: scenario 1, d: scenario 2, f: scenario 3, and h: scenario 4). Inset maps show the locations of
cross-sections. Grey lines represent the highest free surface level (HT: Highest Tide) and the lowest
free surface level (LT: LOWEST TIAE)....uuueiiiii ettt eeeeirree e e e e e eeesasbrareeeeeeeeeasbraseeeeeesenanns 145
Fig. 80: Simulated bathymetric evolution of the Bay of Brest after one year. al: Scenario 1 without
initial sediment and without river water discharge. b1: Scenario 4 without initial sediment and
without river water discharge. a2: Scenario 1 without initial sediment and without oceanic border
input. b2: Scenario 4 without initial sediment and without oceanic border input...........cccccuvvveeee..n. 147
Fig. 81: Maps representing the evolution of depositional areas for mud (brown) and fine sands
(yellow), with four synthetic logs displaying the theoretical stratigraphic stacking of each
morphological domain after each scenario (vertical scale represents the approximative
representative thickness over morphological domains). a: scenario 1, b: scenario 2, c: scenario 3, d:
scenario 4 and e: the hypsometry of each scenario (computational limits on Fig. 3). This figure aims to
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display the evolution of depositional areas and the interpreted preservation of deposits, in relation
1o paleoenViroNmMENtal CRANGES. .....cii i e e st ba e e e eareee s 150
Fig. 82: Conceptual 3D diagrams of the evolution of mud and sand distributions over the simplified
upper area of the Bay of Brest (two morphological domains: one channel and one level of terrace),
during a transgression with a constant rate of sea-level rise. The blue area represents the maximum
sea-level elevation and blue arrows represent the relative main velocities of ebb and flood tides
bottom currents between steps. The active flow section width is represented by black arrows. The
main channel displays an increase from downstream to upstream areas, whereas bathymetry does
not change over terraces. This figure schematically explains the evolution of the sand/mud boundary
as a function of sea-level rise and the active section width. Main retreats of sand/mud limit are due
to fast and important increase in the active flow section width (passage to subtidal domain of a flat
morphological domain) in the case of rising sea leVel. .......cccueiieiiiicciiee e 152
Fig. 83: Present-day bathymetry of the Bay of Brest. Sediment volume is calculated within the area
delimited by a red dashed rectangle. The blue straight-line corresponds to the location of the cross-
section that will be recurrently displayed all along this chapter to illustrate calculation limits of our
analyses. Inset blue and black depth sections represent respectively the elevation of the tops of U3
and U0 along the blue straight lINe. ..........uueiiiiiii e e e e et e e e e 156
Fig. 84: Evolution over one year of (with the present-day physiography, scenario 4): a, the sediment
volume (over the Bay, Fig. 52) and its global annual trend (or long-term trend); b, the sediment
volume without the global annual trend; c, the sediment volume in suspension; d, sea surface
elevation. Black dashed lines represent moderate (M) and strong (S) spring tides. Red dashed lines
display equinox and solstice time intervals identified from sediment volume variations. ................ 158
Fig. 85: SChemMatiC IUNAE CYCIE cuvvviii e e e e e e et re e e e e e e e eenbrraeeeeaeeeeanes 159
Fig. 86: Schematic representation of equinox and solstices time intervals (modified from SHOM).. 160
Fig. 87: (a) Evolution of suspended matter volume through time over spring tides for the present-day
configuration (scenario 4). (b) Evolution of sea surface variations at the entrance of the Bay (central
area). F: Flood tide; E: EDD tide. wuuuuiiiiiiiiiieeiee ettt ee et e e e e eeeaaareeeeeeee s 161
Fig. 88: On top: Bathymetric cross section at present-day (scenario 4, centre of the Bay of Brest), on
which the bathymetric limits chosen to represent morphological domains are displayed. On bottom:
Evolution over one year of the sediment volume and the sediment volume without annual global
trend, for each morphological domain (T1 to T3, from left to right). S: strong spring tide; M:
moderate spring tide. Red dashed lines display equinox and solstice time intervals identified from
SedimeNnt VOIUME VariatioNS. ....cuiiii ettt e s s ata e e s sntee e s ssabaeessnraeeesans 162
Fig. 89: Sediment volume evolution over one year for each scenario (over the Bay, Fig. 83) and,
sediment volume evolution without the global annual trend (respectively left and right). S: strong
spring tide; M: moderate spring tide. Red dashed lines display equinox and solstice time intervals
identified from sediment vOlUME Variations.........coocviiiiiiiiiiiniee e e 164
Fig. 90: For scenarios 3 (a), 2 (b) and 1 (c): (On top) Bathymetric cross section in the centre of the Bay
of Brest, on which the bathymetric limits chosen to represent morphological domains are displayed.
(On bottom) Sediment volume evolution over one year and sediment volume evolution without the
global annual trend, for each morphological domain (T1 to T3, from left to right). S: strong spring
tide; M: moderate spring tide. Red dashed lines display equinox and solstice time intervals identified
from sediment VOIUME Variations. .....cc.uiii ittt e e s e e s sbre e e s snreee s 167
Fig. 91: (a) Envelope of the free surface variation rate over one year in light green (m.h?), maximum
in dark-green), smoothed maximum sediment volume in orange, and smoothed minimum sediment
volume in brown (both smoothed over 12 h and without the global annual trend, over the Bay of
Brest). (b) Zoom over 1 000 hours. (c) Cross plot between (x) the smoothed maximum sea surface
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variation rate (over 12 h), and (Y) the maximum difference of sediment volume during a tide
(smoothed maximum volume — smoothed mMinimum VOIUME). .......coovvurrieiiiiiiiiirieeeee e 168
Fig. 92: a: Schematic representation of sea-level rise during the Holocene and associated sedimentary
units, in the Bay of Brest (system tract interpreted by Gregoire et al., 2017). b: Sedimentation rate
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Estuaries and deltas are located at the interface between rivers and oceans (Fig. 1). They differ
each other by their morphology, facies and related hydrodynamic processes:

1. Deltas are characterized by strong fluvial inputs, which makes the “depositional formation
to protrude from the general outline of the coast” (Bird, 2011), as “the rate of sedimentation
at the mouth exceeds the rate at which sediments are eroded and dispersed by waves and
currents” (Bird, 2011). Deltas thus prograde (advance towards the sea) and display a
prominent shape compared to the coast (e.g. Nile, Mississippi, Ganges, Ebro deltas...).
Sediment dynamics within deltas is therefore strongly influenced by river discharge, but also
by waves and tides (see the classification of river dominated, tidal-dominated or wave
dominated deltas and all the continuous spectrum of mixed cases Galloway, 1975).

2. Inthe opposite, estuaries can be defined as “the seaward part of a drowned valley system
subject to tidal fluctuations and the meeting and mixing of fresh river water with salt water
from the sea and receiving sediment from its catchment and from marine sources” (Bird,
2011). Estuaries are characterised by “inlet” or funnel-shaped morphology, i.e. a seaward
widening which is often related to the coastline retrogradation since the formation of the
previous valley. It means a landward retreat of the shoreline, that is correlated to relatively
small rivers inputs compared to deltas (e.g. Gironde, Suances, Shanghai, Scheldt estuaries...).

Most of sediments, resulting from continental erosion, or pollution, resulting from anthropic activities,
are transported by rivers flows and pass or transit through estuaries and deltas before reaching seas
and ocean basins. Moreover, this interface between rivers and oceans is often a very rich environment
in term of biodiversity. Some ecosystems only develop within estuaries and deltas under specific
salinity and hydro-sedimentary conditions (Pasquaud et al., 2015; Douglas et al., 2019). The
characteristics and geographical locations of estuaries and deltas conduct to harbour constructions
and large anthropisation (e.g. Langouét and Daire, 2009; Dauble et al., 2012; see also the main harbour
locations, https://www.worldshipping.org/top-50-ports). Fast evolution of hydrodynamic conditions
of coastal areas has already led to the abandonment of cities during the mid-Holocene period, such as
some prehistoric Chinese cities located in coastal plains (Wang et al., 2020).

In the context of global warming, understanding the evolution of coastal hydrodynamics and sediment
dynamics as a function of sea-level is getting more and more relevant. Either at an anthropic time scale
(a few years to centuries) to study the pollution of the seas (e.g. plastic), or over geological time scale
(a few centuries to a few thousands of years) to understand the evolution of sedimentary systems,
estuaries and deltas are thus key areas from a source-to-sink point of view (Milliman and Syvitski, 1992;
Sgmme et al., 2009). Understanding the hydro-sedimentary evolution of these environments is
therefore a high-stake issue for the sustainability of a large part of coastal infrastructures, but also for
marine resources preservation, as they are very sensitive to environmental changes induced for
example by climatic (Tu et al., 2019), geological (Wells et al., 2007b), anthropic (Grasso and Le Hir,
2019), or biological (Ganthy, 2011; Beudin et al., 2013) variations. Indeed, in such coastal areas,
erosion, transport and deposition of sediment are governed by a multitude of physical forcings (e.g.
tides, waves, winds, river discharges...), which induce very different hydrodynamics. Locations and
architectures of the deposits are closely connected to hydrodynamics forcings (Boyd et al., 1992; Boyd
et al., 2006; Clifton, 2006; Bird, 2011), but these mixed influence of multiple physical forcings strongly
complicate the understanding and quantification of the respective influence of each forcing.

18



Continent AN |
S
— sl ‘ == O3

Continental shelf

O Estuaries and deltas
mm) Sediment fluxes

Fig. 1: Conceptual scheme showing the position of deltas and estuaries in global sediment transit from land erosion to ocean
(modified after Samme et al., 2009).

The impact of different hydrodynamic forcings on deltas and estuaries is getting better and better
understood since the twentieth century, thanks to complementary approaches of sedimentological
studies and hydrodynamic modelling. The naturalistic approach of geologists links sedimentary facies
and stratigraphy, with transport and depositional environment (e.g. Trentesaux et al., 1994; Dias et al.,
2002; Barnard et al.,, 2012), while physical oceanographers try to explain the erosion and
sedimentation induced by hydrodynamics (e.g. Ji et al., 2007; Toublanc et al., 2014; Lemoine and Le
Hir, 2021) and even to simulate erosion/transport/deposition processes with numerical process-based
modelling.

However, hydrodynamic and morphodynamic evolutions of estuaries during a sea-level transgression
or regression (about 10 to 100 ka, Miller et al., 2011) is poorly understood as these two dynamics
operate and are observed over very different time scales. Hydrodynamic time-scale in estuaries varies
from a few days to a few months (Webb and Marr, 2016), while morphodynamic time-scale are about
a few decades to centuries. Making the link between these two time-scales is not easy. On one hand,
the longest tidal gauge data has been recorded in Brest, but covered only a time interval of 300 years
and only the sea surface heights were recorded. There is no long-term record of hydrodynamic data
such as currents velocities. On the other hand, sedimentological studies have to deal with sediment
hiatus, i.e. deposited sediments are not always preserved. A significant part of sediments (sometimes
the whole) that are deposited during a tidal cycle is remobilized by the subsequent cycles. It is
therefore very complicated to discretize the different tidal events and understand the evolution of the
system (Tessier et al., 2012). Moreover, most of estuaries’ sediment infill show only isolated, sparse
records (in time and space). It is unusual to observe the longitudinal variation of facies deposits, even
in the presence of a large dataset (e.g. cores, seismic, outcrops; Tessier, 2012).

All three main controlling factors in estuarine systems (rivers, waves and tides) act over short time-
scales and face the same lack of data in the past. In the case of rivers, two main extreme regimes can
be distinguished over one year: drought and flood. Rivers mainly induce a unidirectional flow, that can
be summarized over a few centuries with many different statistical methods, depending on the degree
of influence and the frequency of the identified regimes (Zhang et al., 2019), to estimate the flood of
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the century, or of the millennium. Waves can also be simplified over large period, it is based on
preferential direction and the recurrence of most intense events (van Vliet-Lanoé et al., 2014; Goslin
and Clemmensen, 2017). Their impact on sediment erosion/transport/deposition can be summarized
in turbulent unidirectional flows, depending on preferential direction of waves or storms (Al-Salmi et
al., 2019; Busson et al., 2019). For tides, no specific period or threshold exist to describe the main
impact of tides on sediments over long time intervals and it is thus difficult to synthetise its impact. In
fact, there is no consensus in the scientific community about (preserved) tidal deposits over centuries
or larger time-scales: are they the results of only spring tides, or the cumulative effect of all the tides
(neap, spring), or a specific condition of tide? Moreover, tides are much more complicated to classify
into statistical groups, as they induce hourly variations of bidirectional currents (ebb and flood), with
various, changing daily amplitudes. Until now, upscaling instantaneous tide impact on sediment
distribution over large time-scales (centuries to ten thousands of years) is not possible.

The coupled numerical simulation of estuarine hydrodynamics and its associated sedimentation over
hundreds of years is very complex (Coco et al., 2013). The numerical simulation of hydrodynamic
processes requires very small time steps to capture temporal variations of water flows of the order of
minutes to hours, while morphodynamic numerical simulation requires longer time step, on the order
of months to years, to reproduce the evolution of seafloor (or about hundred years for metric
variations). Two kinds of numerical tools are dedicated for modelling sedimentary processes: the
stratigraphic and the hydro-sedimentary models.

1. Stratigraphic forward models are designed for geological purposes and seek to model the
sediment infilling stratigraphy of basins over long time-scales (thousands to millions of years).
Stratigraphic models do not consider the path of each individual grain, but aims to represent
an average of all different sediment processes, in order to simulate the long-term evolution of
geometries (Leroux, 2012). They mainly consider the accommodation space (calculated from
vertical movement — subsidence or uplift — and sea-level variations) and the land sediment
supply. Water flows from drainage area to ocean basin, in relation to gravity laws that follow
the steepest basin slope (channelized flow) or by simple advective flows. Sediment transport is
then ruled using empirical laws, relating sediment transport capacity to water flow velocity.
Finally, erosion and deposition of sediment are calculated from the mass balance principle.
These stratigraphic forward models have been applied and validated on numerous fluvial,
deltaic and marine case studies, but unfortunately never in tidal-dominated sedimentary
systems, as (1) tidal currents very rarely follow the steepest slope, and (2) tidal processes vary
in time and space over very short time intervals (half-a-day for semi-diurnal tide).

2. Hydro-sedimentary models provide accurate and high resolution (seconds) representation of
tidal currents and induced erosion or sedimentation, but only over a few months to a few years.
These models seek to physically describe the hydro-sedimentary processes acting in estuaries,
which implies the use of assumptions, necessary for the application of fluid dynamics
equations, and many processes are described by empirical formulations. As a result, simulations
drift progressively from the reality, which leads to uncertainties that increase with simulations
time span. A very small change in the input parameters of the numerical model, such as a gentle
change of the topography or sediment supply, leads to a different result in the simulation
outputs. For this reason, they are systematically used to complement in-situ data.

Because of the different time and space scales they deal with, these two types of models are not used
for the same purposes (Joseph et al., 2016). That is why none of these numerical models is able to
simulate the tidal process over long time-scale, i.e. at least centuries to tens of thousands of years.
Long-term tidal modelling is yet an important issue for the understanding of estuaries infill. Neither
sedimentological or numerical modelling studies achieved to explore the hydro-sedimentary response
of estuaries (induced by the tide) to long-term parameters (seafloor and sea-level evolution), over a
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transgression. They are respectively limited by the sediment records preservation and hydro-sediment
simulations temporal limit (secular scale). Thus, very important questions remain about tide-
dominated estuaries infilling: How do tidal currents evolve according to long-term parameters, such
as sea-level and seafloor variations? What are the consequences of hydrodynamical evolution on
sediment dynamics, in terms of erosion and deposition patterns and sediment grain-sizes classes
distribution? What does hydrodynamics imply for the preservation of sedimentary units in tide-
dominated estuaries? How do the muddy/sandy sediments and the erosion/deposition limits evolve
in response to a rise in sea-level? What are the main triggering parameters of hydro-sediment
dynamics evolution? Previous studies investigated these issues at secular scales (Dam et al., 2016;
Franz et al., 2017; Le Tu et al., 2019; Elmilady et al., 2020 and more), however the use of continuous
modelling did not allow to reach the time scale of an estuary infilling (about ten thousand years).

This PhD focuses on the impact of the tidal process on long-term sedimentation (about 10 ka) in tide-
dominated estuaries. Rivers and waves may have a major role in estuarine hydro-sedimentary
dynamics. In order to focus our study on the action of the tidal process, this study explores its impact
in a tide-dominated estuary: the Bay of Brest, and in particular the scientific issue of the upscaling of
the tide impact on sediments, in order to understand tide-dominated estuaries infill.

For that purpose, a specific methodology based on sedimentology and numerical hydro-sedimentary
modelling is set. The aims are to identify, rebuild and simulate each key period of the Bay of Brest
Holocene infill. It intends to explore the tidal hydrodynamic and hydro-sedimentary responses to key
paleoenvironmental changes such as seafloor and sea-level.

Tidal currents at each key period are then simulated (and validated), simulations results are analysed
to determine if morphodynamic changes (i.e. sediment volume variations in the Bay of Brest), could
be described by the action of one or a few specific tidal conditions. The determination of such
morphogen tides characteristics would allow to perform long-term hydro-sedimentary and
stratigraphic simulations to reproduce the interactions between sedimentary units and better
understand the formation of sedimentary structures under the action of tides (e.g. dunes, sand ridges
and bars, mud flats).

The principal expectations of this study are thus:

1. to test the relevance of the methodology to study the tide impact on sediment
erosion/transport/deposition;

2. to explore how do sedimentation patterns evolve in tide-dominated estuaries in response to
paleoenvironmental changes (seafloor and sea-level variations);

3. to determine if one or more morphogen tides can be defined to characterize the evolution of
a tide-dominated estuary over long time interval (about 10 ka).

To answer those scientific questions, the manuscript is organized in the following ways. The second
chapter (after this introduction) aims to provide a state of the art on the knowledge about present-
day tides, and an overview about past tidal characteristics. Then, the chapter 2 focuses on the tide
impact on sedimentary processes in modern and recent natural systems. It also describes the basic
principles of numerical stratigraphic and hydro-sedimentary modelling, as well as the time-scale issue
of numerical modelling. Chapter 3 is dedicated to data and methods: the chosen study area and data
are described as well as the modelling strategy we used. The results are presented in the three
following chapters (4, 5, 6) : hydrodynamics (Chapter 4-published paper in Continental Shelf Research,
Olivier et al., 2021), hydro-sedimentary dynamics (Chapter 5-submitted paper) and the preliminary
investigations towards the long-term representation of the tidal processes (Chapter 6). Finally, the
main conclusions are synthetized and perspectives are drawn in Chapter 7.
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2 State of the art: Tidal implications on
estuaries infilling
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This study focuses on the tide effects on sedimentation in estuarine environments. Sea surface
tide induced variations generate currents and the displacement of water masses. The energy of these
currents induces erosion, transport or deposition of sediments. Given the short time between a
consecutive low and high tide (~6:12 hours for semi-diurnal tide), the induced changes on sediment
transport are of very high frequency. These fast variations make it difficult to analyse and model effect
of tides on sediment deposition over geological time (ka or Ma).

The filling of sedimentary basins is the result of multiple long-scale processes, such as tectonics,
subsidence or eustatism, and also of short-scale processes that mainly concern transport, such as tides,
fluvial discharge or waves. This chapter aims to explain the tidal processes and the associated sediment
transport. However, in order to describe sediment transport, two times scales have to be considered:
short- and long-term. The short-term is considered here to range between the day and year, i.e. the
time-scale of the tidal process. The long-term scale is the scale of geological interest, i.e. the formation
of sediment layers leading to the infilling of an estuary (thousands to millions years). This time gap
between these processes periods of actions leads to two different ways of studying estuaries. The
naturalist approach of geologists aims at observing, describing and analysing the deposits of sediment
layers to interpret the processes and their drivers, on both long- and short-time scales. However, only
some deposits are preserved in estuaries: sediment is often remobilised after its deposits by daily
variations of tidal currents, or subsequent hydrodynamics in particular related to extreme events (e.g.
storm or flood) or mean sea level variations that can generate important erosion. Oceanographers
focus on resolving physical processes to interpret the deposits. They are interested in sediment
transport at, event, seasonal and even interannual time-scales, to answer questions related to these
time-scales. e.g. What are the effects of dredging on hydro-sediment dynamics? What are the factors
driving suspended matters flows and river's area of maximum turbidity migration? What is the effect
of sedimentation on human infrastructures and conversely? In this context and in the absence of
hydrodynamic data in the past, estuaries hydrodynamics are mostly studied at present-day over short
time scales. The objectives of oceanographers’ approach are the understanding of physical processes
and the prediction of their future impacts.

These different objectives motivate the development of numerical models. The stratigraphic models
of geologists consider the formation of long-term sediment layers, whereas the hydro-sediment
models used by oceanographers consider the short-term movement of sediment.

This chapter aims to give an overview of the tidal process and its impact on sediment deposits over
both time-scales. It is organized in the following way: first, the description of the tidal hydrodynamic
process for present and past, and ways to explore it (2.1); then the tide impacts on sedimentation
inside estuaries is developed at both short-and long term (2.2); the last section focuses on the key
concepts of the two main numerical tools for modelling sediment deposits: stratigraphic models and
hydro-sediment models, including their limitations to simulate long-term tidal deposits in estuaries
(2.3).

2.1 Tides

Tide is the sea surface variation due mainly to the gravitational action of the Moon, the Sun,
and the centrifugal force against gravity. At human scale, the tidal phenomenon makes
the water either go up or down at the shore. Although this phenomenon was discovered through sea
surface elevation changes, it affects all terrestrial fluids and solids (lithosphere to the earth's core). In
this study, tide refers only to the ocean tide. It was observed since a very long time, but due to the
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complexity and the quantity of drivers at the origin of the tidal phenomenon, it remained without
explanation until the mathematician Wallis proposed to take into account the influence of the Moon
in 1666 (Wallis J., 1966). This changed the tidal analysis at a local scale. A review of historical advances
in the comprehension of tide is proposed by Cartwright (1999). At the end of the 20th century a global
interpretation of the tidal wave was developed, thanks to the advent of numerical modelling (Hansen,
1966; Cartwright, 1999). Tide is a wave induced by astronomical movements through the attractive
and centrifugal forces, that propagate in the oceans (Laplace, 1775, 1799, 1825). The propagation of
this wave depends on the size and shape of oceans and its action is very unequal across the globe, in
terms of amplitude, frequency and propagation (Simon, 2007). It implies that the tides were different
in the past, as the sea level changed and the continents moved. The following section focuses on the
tidal process near the coast and is therefore divided in two parts: first the tidal process is described for
the present-day, secondly the ways to explore the tidal wave propagation in the past are discussed.

2.1.1 Present-day tide

The ocean tide is the movement of water masses, which induces variations of sea surface
elevation and propagates as a wave across the oceans. The tidal wave has not the same amplitude and
frequency everywhere on earth and the classification of the tide type is based on the properties of the
signal, represented by a sea surface variation curve (Fig. 2).
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Fig. 2: Tidal amplitude over 2 cycles of comparable spring tides (Brest tidal gauge, modified after Simon, 2007).

The greatest amplitudes are observed in shallow water areas of the seas connected to oceans and the
lowest in close and semi-enclosed seas, where the tidal wave cannot enter (e.g. Mediterranean sea,
Fig. 3). The amplitude hardly exceeds 2m in the deep ocean, but near the coast the amplitude between
high and low tide can reach 16 m (Bay of Fundy). Tides in coastal areas are classified according to the
maximum tidal range, defined as the height difference between high (maximum) and low tide
(minimum, Fig. 2). Coastal areas can be microtidal (tidal range smaller than 2 m), mesotidal (between
2 and 4 m) and macrotidal (greater than 4 m). The spatial distribution of tidal ranges varies very rapidly
and particularly near the coast (Fig. 3). For example, in the Bay of Mont Saint Michel (France) the tidal
range can reach 14m during exceptional spring tides and in Sainte Marie du Mont (80 km away, NE) its
maximum is 7.5m under the same conditions (SHOM).
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Fig. 3 : Tidal range distribution in the world (Simon, 2007).

Tides are also classified according to the period of tidal cycles, i.e. one low and one high tide. The
period is defined as the time between two maximum (or minimum) amplitudes. A tidal cycle can last
12 hours and 25 minutes (semi-diurnal, Fig. 2) or 24 hours and 50 minutes (diurnal). It exists 4 types of
tidal behaviour classified according to their period and amplitude (Figs. 4 and 5, Simon, 2007):

semi-diurnal type: two high and two low tides per day of approximately equal height.
semi-diurnal type with diurnal inequality: two high and two low tides per day, but the
high and low tides are very different in height.

mixed type: sometimes two high tides and two low tides per day, sometimes only one.
diurnal type: always one high and one low tide per day

Fig. 4: Tidal curve over 14 days at 4 points. A: semi-diurnal tide, B: diurnal inequality tide, C: semi-diurnal tide with diurnal
inequality, D: diurnal tide (Simon, 2007).
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The differences between these tidal regimes are due to astronomical forcings and the shape of oceans.
This is highlighted for the first time by Laplace, who introduced the tidal generating potential (1775).
The theory is then improved by Laplace himself, with his treatise on celestial mechanics (1799 and
1825). The concept is that the tidal generating potential moves as waves through the oceans according
to their shape, depth and the nature of the environment. These waves are superimposed by reflection,
refraction, dissipation and form the tidal phenomenon. The interaction of these waves (or component)
can attenuate or amplify the tidal signal. This concept has never been questioned, but the tidal
generating potential were recalculated by Doodson (1921) and by Cartwright and Tayler (1971). Tide
is the result of all gravitational forces acting on the earth, however some of the components dominate
the tidal spectrum (e.g., M2, S2, K1, O1). The repartition of the different behaviour (Fig. 5) is mostly
linked to the earth and the Moon relative position, and the shape of continental shelves. It was
observed that semi-diurnal tides are the dominant pattern on earth and the three other behaviours
occur only where the semi-diurnal components are weak (Simon, 2007). Comparing the tidal type and
amplitude maps, it appears that the areas affected by the highest tidal amplitudes are often semi-
diurnal, especially in the Atlantic (Figs. 3 and 5). It is the case for the Bay of Brest (Fig. 2).
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Fig. 5: Distribution of the four tidal types in the world (Simon, 2007).

In deep oceans the tidal signal has a sinusoidal shape, because the rotation of the earth and the relative
movements of earth, sun and moon have a cyclical character. Theoretically the tide is not periodic,
because some component of the tidal spectrum have an incommensurable frequency (Simon, 2007).
However, it was shown that there are periods of time after which these conditions are more or less
fulfilled (Ray and Cartwright, 2007). The most known is the saros, which regulates the return of
eclipses, and corresponds approximately to 6 585 days, or 18 years and 11 days. At the end of this
period, the Moon, the Sun and elements of their apparent orbit are approximately in the same relative
positions. The tidal impact on oceans returns approximately to the same values. This does not mean,
that the saros is a period of the tide, because after several saros the tide resemblance with the initial
one deteriorates more and more. Oceans tides are thus not really symmetric due to the superposition
of certain tidal components with mutually related frequencies and show a difference between the
periods of rising and falling tide called tidal asymmetry.
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When the tidal wave reaches shallow water areas (continental shelves), the tidal signal is notably
distorted and the tidal asymmetry can be much more important. When the tidal range is high
compared to mean water depth, nonlinear hydrodynamic processes distort the tidal wave (e.g. fig. 6).
These processes are insignificant in the deep ocean, but notably modify the tidal wave propagation in
shallow coastal areas, due to the generation of shallow-water overtides. The periodic components of
the tide, coming from the generating force, combine with each other over shallow depths, creating
harmonics that can propagate independently. The distortion of the tide can be so strong that an
important difference can be observed between ebb and flow durations and their flow velocities.

The distortion of the tide is related to a different propagation speed of the high-water crest of the tidal
wave and the low-water trough. High water level propagates faster than low water level and thus the
duration of rising tide shortens while the duration of falling tide is lengthened. Consequently, the tidal
wave front will steepen progressively and in extreme cases that phenomenon generates tidal bores.
This tidal asymmetry increases with the relative tidal amplitude (wave crest heigh/depth), but the
propagation the propagation of the tidal wave is closely link to others parameters in shallow areas,
such as friction and coastal basin morphology. This behaviour described more along-shore tidal wave
evolution, displaying similar bathymetry, but cross-shore propagation experience much more
bathymetric and morphologic variations and implies a more complex distortion of the tidal wave.

The evolution of friction is much more important towards the coast. Friction increases with decreasing
depth, resulting in a flow shorter than the ebb (Fig. 6). The difference between their periods increases
with increasing friction (Fig. 6). Tidal velocity is mainly determined by the water surface slope and thus
in the absence of a significative river plume, flow velocities are higher than ebb velocities. However,
friction is influenced by many factors such as density stratification, small bed forms, the nature of the
seafloor and its morphology. Thus, friction influence on the tidal wave distortion is often not linear, as
friction is not uniform close to the coast. In addition, important bathymetric variations along the coast
induce a difference of friction over space inside coastal basins that distorts the tidal wave.

The amplitude of the tidal wave deformation is also dependent on the shape of the coastline in coastal
basins. For example, the expansion of the tidal flood wave over large intertidal areas decreases its
height and propagation speed. The opposite occurs when the tide propagates into a tidal channel that
becomes progressively narrower in up-channel direction. In a simplified way, the longer the length
over which a large ratio wave crest heigh/depth is maintained, the greater the deformation will be. For
short coastal basins, these effects are partially offset by the reflected tidal wave on basin coastline.
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Fig. 6: Tidal curves (prediction) over 24 hours at 8 points along the Gironde estuary, France (Simon, 2007).

All these characteristics and particularities of the tide were recently highlighted, with the help of
numerical modelling and the development and multiplication of data acquisition tools, like the Global
Sea Level Observing System (GLOSS) (Intergovernmental Oceanographic Commission., 1997). The
increase in computing power made possible to simulate this process, which requires short computing
time steps and fine grid cells close to the coast. Tidal data acquisition increased enormously with the
installation of tidal gauges, boys, ADCP. The second major advance in oceanographic data comes from
satellites, which are able to collect a wide range of data, with a high degree of accuracy, but above all,
everywhere on the planet. This led to the development of tide tables and current maps, which predict
the height of water and tidal current velocities with high temporal and spatial accuracy (minute, cm,
cm/s) over years. However, data are available only for the present-day. Beyond the lake of data, the
"most difficult of all celestial mechanics" according to Laplace, is even more complicated to represent
in the past or the future cases, because of the complexity of stars movements inducing the
phenomenon (mostly the Sun and the Moon), and also the evolution of the shape of oceans and coastal

basins.
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2.1.2 Past tides

Understanding and representing tides in the past remains a challenge for oceanographers,
given the quantity of parameters to be taken into account. First, it is difficult to predict the evolution
of the Moon and the Sun positions far from the present (past or future) and therefore to predict tidal
amplitudes. Moreover, modern technological advances offer the possibility to understand the tide
thanks to the record of a lot of data. The oldest available data goes back to 300 years maximum and
comes from the Brest harbour’s tidal gauge. As presented by Laplace, celestial mechanics are not the
only parameters to consider. Oceans shape evolution and eustatic movements (paleoenvironments)
are very important. And contrary to tidal amplitudes and currents, a lot of information are available in
the sedimentary record for paleoenvironmental reconstruction. It is thus possible to explore theorical
past tide relying on both numerical models and paleoenvironmental reconstructions. Those
reconstructions are a key step in the study of past tides and are mainly based on geology.
Paleoenvironmental evolution is the result of vertical and horizontal movements. There are three main
parameters influencing the shape of oceans: kinematic movements (plate tectonics, magmatic
production linked to it, uplifts and subsidence), sea-level variations, and sedimentation.

Close to the coast, vertical movements induced by sediment accumulations (or erosion) and tectonics
can quickly modified the local propagation of the tide (years to hundreds of years). Tidal wave
propagation is much more sensitive to geomorphological changes on the continental shelf. However,
over larger time scales (millions of years) ocean basins can accumulate tens of kilometres of sediment,
like in the Gulf of Bengal or the Gulf of Mexico (Fig. 7) and also display large morphological changes.
The record of sediment thicknesses comes from seismic acquisition and drillings.
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Fig. 7: Global sediment thickness distribution (data from NOAA, Straume et al., 2019).
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Sea-level variations induce important vertical variations of the water depth, from metres to hundreds
of metres. The factors influencing eustatic movements are numerous, but do not have the same impact
on the sea-level variations and act at different time-scales (Fig. 8). They are separated into two
categories, processes acting at short time-scale (1 to 100 ka, Miller et al., 2011): thermal expansion of
the oceans, discharge of fresh water from lakes or groundwaters, and melting or formation of ice
sheets; and processes acting at large time-scale (100 ka to 100 Ma, Miller et al., 2011): ocean crust
production, sedimentation, continental collision. Short time-scale variations of the mean sea-level are
mostly linked with climatic processes and geological processes act on those variations over longer
time-scale. The main reason is that climatic processes affect the volume of water available in oceans
and geological processes modify the oceans shapes. Glacio-eustatism and ocean crust production are
the main parameters, responsible for the largest (of the order of 100 m) sea-level variations (Fig. 8).
However, ice sheets volume variations are much quicker than oceanic crust production (respectively
10 ka and 10 Ma). 10 ka represents therefore a key duration over which it is particularly interesting to
understand the impact of sea-level variation on tide and on the subsequent sedimentation in estuaries.
Sea-level variations are deduced from numerous proxies, such as: isotopes (Oxygen, Neodymium),
sediment facies, fossils, pollens... Numerous reconstructions of sea-level evolution were carried out
from global (see Miller et al., 2011 for further details) to local scales (e.g Goslin et al., 2015).
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Fig. 8: Mechanisms for sea-level change (Miller et al., 2011).

Kinematic motions of plates (Plate tectonics) also play a major role in the propagation of the tidal wave.
They determine the shape, size and depth of the oceans. It seems obvious that the tidal propagation
will be completely different in the present-day configuration (five oceans) and in the case of a super-
continent bordered by a single ocean for example. For studies over long past time-scales (millions of
years) plate tectonic reconstructions will be crucial and need to be taken into account to reconstruct
past tidal processes. Plate tectonics implies horizontal movements such as the opening and closing of
oceans (position of the continents) and vertical movements (uplift or subsidence) ranging from meters
to kilometres (e.g. continental collision, subduction, oceans floor cooling).

Plate tectonic take place over periods of the order of a million years, but much more rapid kinematic
movements can deeply modify the shape of the oceans (e.g. Messinian crisis, see Bellucci, 2021). The
importance of geological processes for paleoenvironmental reconstructions is very dependent on the
time scale considered and the local geological history. Depending on the study area and the time
period chosen, the reconstructions present uncertainties that are not negligible. Generally, the
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uncertainty increases with the age of the reconstructions and can reach hundreds of kilometres of
differences depending on the interpretation in geodynamics for example (Aslanian et al., 2009). For
reconstruction younger than around a million of years, the position of the continents can be
considered similar as the present-day configuration and can be neglected (except in specific locations).
For reconstruction younger than around 10 ka, sedimentation and sea-level variations are the main
parameters of paleoenvironmental reconstructions (except in specific locations). The further back in
time the reconstructions go, the lower the resolution will be as more phenomena have to be
considered and as the uncertainties increase.

Many studies used paleo-bathymetric reconstructions to explore past tides. The following paragraphs
seek to present the range of time and space scales considered in reconstructions, as well as the aims
and results of previous studies simulations. Four main spatial scales are considered in reconstructions:
local (coastal area), regional (continental shelf), single-oceanic scale and global (world-wide). Most of
those studies are dedicated to coastal areas: shallow areas are the place where tidal propagation is
very sensitive to paleoenvironmental changes and these changes can directly impact coastal
populations. Tokyo estuary was studied by Uehara and Saito (2019), in order to determine M2
component evolution (influence of the Moon, main semi-diurnal component) through the last 10 ka.
Nine different bathymetries were used and one simulation is run for each context. This study
highlighted the impact of sea-level change on past tide amplitude at the scale of an estuary (Fig. 9).
Sea-level variations strongly modify the estuary morphology and therefore the propagation of the tidal
wave (Fig. 9). Tidal amplitude and induced current repartition over the estuary are closely connected
to the flooded surface morphology, near the coast.
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Fig. 9: Horizontal distribution of the maximum elevation predicted by the numerical model in Tokyo estuary for 9 different
bathymetric reconstructions. The contour interval is 0.05 m (Uehara and Saito, 2019).
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Local approaches are numerous and most of the time aim at exploring the evolution of forcings
according to the paleo-environmental evolution. In Goslin et al. (2015) the evolution of the principal
semidiurnal (M2 and S2) tidal constituents were simulated to describe “mean” spring and neap ranges
around westernmost Brittany (Finistére, France). The aim was to simulate the tidal response to a new
local sea-level variation curve (Goslin et al., 2015, Fig. 10). This study shows a relatively weak influence
of sea-level variations on the amplitude of tidal paleo-ranges on the continental shelves of Western
Brittany from 8 ka to present-day (Fig. 10). The tidal range remains similar between 6 ka and the
present-day and is about 0.5 m lower at 8 ka compared to present-day over the three sites.
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Fig. 10: Paleo tidal model outputs of the maximum annual tidal range (maps 1 & 2) and Spring tidal ranges (maps 3 & 4)
around Brittany point for 8 ka and 6 ka cal. B.P. Stars show the locations of the Guisseny-Tresseny (A), Porsmilin (B) and
Treffiagat (C) sites. Example plots of the 8 ka to present-day evolution of the local max. annual spring and neap tidal ranges

are shown (Goslin et al., 2015).

32



Tidal propagation over the continental shelf, in relation to larger glacio-eustatic variations (last 20 ka,
glacial to interglacial conditions), is an important issue studied through reconstructions. For example,
paleo-tides were explored over continental shelf of northern Europe, since 16 ka by Uehara et al.
(2006) and since the last glacial maximum (21 ka) by Ward et al. (2016). Those studies focus on the
major semi-diurnal (main regime in the Atlantic Ocean) harmonic component, M2 (Fig. 11). The tide
induced current velocities were also calculated for each stage. Between 21 and 14 ka amplitudes get
greater and greater along the Atlantic coast (Fig. 11). Then, 12 and 10 ka present similar patterns,
greatest amplitudes are located inside the English Channel and between England and Ireland (Fig. 11).
When the North Sea is mostly emerged (10 ka) the location of amphidromic points and the amplitudes
of M2 are significantly different (Fig. 11). Globally higher amplitudes are simulated at 10 ka than at 8
ka along the French coast and around England. This study shows similar amplitudes on the continental
shelf from present day to 8 ka (Fig. 11). The opening of the English Channel seems to be a key factor
for tide evolution. It allowed the tide to propagate into the North Sea, reducing the tidal over the
continental shelf and increasing the tidal dissipation due to friction effects in the relatively shallow
channel, thus reducing the tidal amplitude (Ward et al., 2016).

10 ka BP 12 ka BP

M, elevation amplitude (m)

Fig. 11: Simulated M2 elevation amplitudes (colour scale, 0-4 m) and phases (white lines) for selected time slices from the
ROMS + Bradley simulations. The black line is the paleo-coastline, the white areas are land/ice and the present-day coastline
is provided for reference (grey line, Ward et al., 2016).

Uehara et al. (2006) reconstructed also the co-tidal chart of the M2 component over the entire North
Atlantic, for the last 16 ka. A new bathymetry is applied each 1 ka in order to explore sea-level evolution
(due to ice melt mostly) impact on M2 amplitude distribution (Fig. 12). The gap of 10 ka is also visible
over the north Atlantic Ocean. Main location of amphidromic points changed between 8 ka and 10 ka
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(Fig. 12). Between those simulations a large part of North America and Europe are flooded and it
significantly changes amphidromic points distributions and M2 amplitudes.
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Fig. 12: Co-tidal charts for the evolution of the M2 ocean tide used as boundary forcing for the shelf model. Contour interval
is 0.5m for M2 amplitude (solid lines) and 30 degrees for phase (dashed lines). White areas denote the range of ice sheets
(Uehara et al., 2006).

Egbert et al. (2004) exposed also the differences of M2 elevations between the last glacial maximum
and the present-day, but at global scale. Main amplitude changes between 20 ka and 0 are located in
the continental shelves as observed in Uehara et al. (2006, Fig. 12). The results revealed also a greater
M2 kinetic energy at 20 ka than at the present-day. All those studies focus on the period between the
last glacial maximum (21 ka) and the present-day, which facilitate considerably the reconstructions.
This period is too short to observe significant tectonic plates movements and only the seafloor
evolution close to the coast and sea-level variations need to be taken into account.

When paleoenvironments are older than 1 Ma, the plate tectonic needs to be considered. However,
as highlighted by Green and Huber (2013), due to uncertainties many simulations need to be run to
test the sensitivity of the model to several parameters (e.g. sea-level, geodynamic reconstruction,
water stratification). Green and Huber (2013) aimed to explore the tidal dynamics during the early
Eocene at global scale (55 Ma). Because of uncertainties linked to the age of the reconstruction, all
paleoenvironmental parameters are tested, in order to observe their potential influence on Eocene
tides. The imperial college carried out a lot of pioneer work about old tides modelling. Wells et al.
(2010) proposed a representation of semi-diurnal main components (M2+S2) and diurnal main
components (K1+01) of the tide at global scale during the Aptian (Lower Cretaceous, 125 Ma to 113
Ma, Fig. 13).
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Fig. 13: ICOM (Imperial College Ocean Modelling) results for the Aptian global ocean paleo-tidal model. Tidal range of A) the
semidiurnal tidal constituents (M2 + S2), and B) the diurnal tidal constituents (K1 + O1). Contours are drawn at 10 cm, 25
cm, 50 cm, 75 cm, 100 cm, 150 cm, 200 cm, then at 100 cm intervals, extending beyond the upper limit of the colour bar. G,
Greenland (Wells et al., 2010).

The results show a completely different tide compared to the present-day, which is probably due to
the presence of the Neotethys ocean and the separation of the Atlantic Ocean in two distinct parts
(closed at the level of the equator, Fig. 13). It demonstrated the importance of oceans size and straits
on tidal amplitudes distribution. The highest amplitudes are located at the edges of the Pacific Ocean
(Fig. 13). The Imperial College also focused on continental platforms (shallow water), like the opening
of epicontinental sea. Wells et al. (2007b; 2007a) simulated potential tides in the early and the late
Pennsylvanian Seaway of NW Eurasia. Investigations through different sea-level (high stand and low
stand) over the late Pennsylvanian (298.9 to 323.2 Ma) led to very different propagations of semi-
diurnal and diurnal main components depending on the geological reconstitutions (replacing or nor
the Ancestral Rocky Mountains with a shallow water, i.e. 20-50 m, platforms). Simulations of very old
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contexts are thus very dependent on the plate tectonic reconstruction. Other studies explored recent
and old paleoenvironment impact on tides, such as Reynaud and Dalrymple (2012, Holocene and
Lower Cretaceous; Zuchuat et al., 2022, lower Oxfordian).

The main conclusion about past tide simulations is that its propagation or amplitude is mainly modified
by variation of the oceans, continental platforms or basins shapes, depending on the spatial scale
considered. For old reconstructions, kinematics motions must be taken into account. The older the
reconstructions are, the more different the propagation of the tidal wave will be. There is less data
and information for old stages than for younger ones. Even if they are probably not a reproduction of
the reality, these simulations provide very important information about past tides behaviour and
factors influencing changes in global to local tidal dynamics.

Over shorter period of time (hundreds of years to tens of thousands of years), sea-level variations and
morphological changes (through mainly erosion/sedimentation, local to regional scale) are responsible
of main tide evolution. However, as there is still no hydrodynamic record older than 300 years ago,
numerical modelling is the only way to obtain valuable information about tide evolution and its main
triggers.

2.2 Tide impact on estuaries sediment infilling

The propagation of the tidal wave induces currents of varying strength, depending on the tidal
amplitude and bathymetry. When reaching the continental shelf, the bathymetry decreases and tidal
currents increase. In tidal seas the strongest currents are located nearby shoals and the coast. It is
therefore at the land/sea interface that the tide has the greatest influence on sediment transport.
Other hydrodynamic forcings act along the coast such as waves and river flows. The dominance of one
of those forcings can vary rapidly along the coast (in time or space), i.e. their impact on coastal currents
varies quickly. Tidal currents are an important factor in coastal basins, as they directly influence
erosion, transport and deposition of sediments. It is also at the land/sea interface, more precisely in
estuaries and deltas, that the transfer of sediments from continental erosion to deep basins takes
place. Estuaries (and deltas) are thus key areas in global understanding of coastal to deep basins
infilling and therefore to the source-to-sink approach.

2.2.1 Short-term impact of tide

In order to explain sediment movements induced by the tide, two main technics exist. On one
hand, the naturalistic approach of geologists interprets sediment structures and facies in term of
transport and deposition processes. On the other hand, the physical approach of oceanographers,
based on the resolution of physical processes, uses numerical modelling to simulate
transport/deposition/erosion processes and measurements (currents velocities, free surface
elevation, salinity, temperature...).

The naturalistic approach is based on the identification of depositional morphologies. These latter are
classified according to observations made in many estuaries (e.g. tidal flats domains, Flemming, 2012,
Fig. 14).
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Fig. 14: Physical surface structures frequently observed on tidal flats. (a) Asymmetrical wave ripples; (b) Ladderback ripples;
(c) Small wave ripples in the troughs of larger ripples and water level marks; (d) Late-stage runoff with linguoid current
ripples dissecting a field of flat-crested wave ripples; (e) Shallow intertidal creek with small sand ribbons over shell
pavement; (f) Late-stage runoff features; (g) Current ripples in mud; (h) Thin fluid mud sheet with scour windows displaying
ripples on the surface of underlying sand. (i) Circular tool mark formed by the rotation of a protruding polychaete tube. Note
the bird tracks surrounding the structure; (j) Rippled sand bed with patchy wash-outs formed shortly before emergence; (k)
Intertidal dunes; (I) Shell pavement (Flemming, 2012).

The currents inducing these deposits are interpreted according to several criteria: the grain-size
characteristics, the organisation of the grains between them (structure of the deposits) and the global
repartition of these two parameters over the whole estuary. Grain characteristics are precious
information: for non-cohesive sediments the sphericity of the grain testifies of the travelled distance
from the erosion site. High sphericity highlights a long transport to the recorded area and angular grain
the opposite, as transport is responsible for the fragmentation of blocks and grains. Grain sorting can
also provide information on transport patterns, for example eolian sands are easily recognisable by
very well sorted grains showing traces of impact due to saltation movements. The size of the
transported grains also gives information on the energy of the currents. The relationship is simple, the
heavier the grains are, the greater the energy is required to move them. The alternation of fine and
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coarse grains can reveal several directions of currents and a dominance of one of them over the area
(Fig. 15).
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Fig. 15: Synthetic section in which successive sedimentary facies occurring between the low-tide and the high-tide level of
intertidal flats (without tidal creeks and bioturbation) have been vertically stacked in an idealized transgressive facies model
(Modified after Reineck and Wunderlich, 1968; Flemming, 2012).

The distribution of sand and mud in estuaries was linked to estuaries morphologies by Reineck and
Wunderlich (1968). Facies distribution is constantly used as a proxy for currents intensity and the
transition between mud and sand dominated facies is indicated in all conceptual models of estuarine
sediment dynamic (Dalrymple et al., 1992; Dalrymple and Choi, 2007; Tessier et al., 2012). Details

about grain sizes transport and their deposits are discussed by Le Roux and Rojas (2007), including
potential limitation of grain sizes interpretation.

Deposits morphology provides many information about current directions. For example, all structures
with ridges, i.e. ripple marks or dunes, reveal the axis of the currents. The interpretation of dune fields
can give the directions of ebb and flood tide currents (Gregoire, 2016). Dunes are often mobile
structures controlled by tidal and wind-induced currents (Le Bot, 2001; Le Bot and Trentesaux, 2004;
Ferret et al., 2010). These sediment figures are elongated and display a perpendicular crest to the main
axis of currents with an angular variation of 20° (Le Bot, 2001). Those structures show an eroding (Stoss
side) and an aggrading (Lee side) side and the asymmetry between the two flanks reflects the
orientation of the residual bottom current (Fig. 16, Gregoire, 2016). The rate of dune migration can
even be estimated from the calculation of an asymmetry index (Xu et al., 2008).
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Fig. 16: a: Dune field location (the Bay of Brest). b: Zoom on the dune field. The white lines represent the crests of the dunes,
the red arrow represents the transport direction interpreted from dunes asymmetry and the red dashed line represents the
cross-section. (c) grain size characteristic of the dune and picture. d: Cross-section A-B to the dune ridges, the red arrow
illustrates the transport orientation (Gregoire, 2016).

Comet tails are another example of bottom currents proxy (Bouma et al., 1977). They are sediment
structures that develop parallel to bottom currents (Flemming, 1980), behind obstacles. The direction
of current can be deduced thanks to the orientation of the accumulation (Fig. 17 and see examples in
Gregoire, 2016). The sediment structures induced by tidal currents are very numerous: dunes, tidal
channels, many types of ripple marks, sand waves and more (Fig. 14 and see Davis and Dalrymple,
2012). They are better and better imaged and understood thanks to experiments and the development
of new tools: high resolution seismic or sub-bottom profilers (chirp), grain-size profiler, multibeam
backscatter... (Montereale-Gavazzi et al., 2019).

Then, by combining the information from all proxies, tidal sediment dynamics are reconstructed. That
was done by Gregoire (2016) for the Bay of Brest (Fig. 17). Thus, by interpreting the residual sediment
movements, areas dominated by ebb and flood tide can be highlighted and different hydro-
sedimentary areas (or cells) can be distinguished (Fig. 17).
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Fig. 17: Resume of morphological indices of transport on the seafloor in the Bay of Brest. Red arrows represent the
interpretation of currents directions. Letters represent the sediment structures interpreted: QC are comet tails, Du are dunes
(Gregoire, 2016).

The same kind of work was carried out for many estuaries and by many authors (FitzGerald et al., 2000;
Kang et al., 2014; Shaw et al., 2014; Gregoire, 2016). Common depositional morphologies (dunes, tidal
bars, scour trough...) were linked to specific transport conditions (Hayes, 1980; Dalrymple and Rhodes,
1995; Todd et al., 2014). Tidal bars are an excellent example, located in so-called high-energy zones of
tidal estuaries, they form and orient themselves according to the trajectories of the ebb and flood tide
currents (Leuven et al.,, 2016). The observation of those proxies led to the establishment of a
conceptual model (Dalrymple et al., 1992; Dalrymple and Choi, 2007). The sediment deposits in tide-
dominated estuaries would be organised in the following way (Dalrymple et al., 2012): non-cohesive
sediments are located in the centre of the estuary in the form of dunes, tidal bars and so-called high-
energy structures; cohesive sediments are deposited towards the flanks and upstream of the estuary
(shallower than non-cohesive deposition area and inside the intertidal zone); and in supratidal areas,
mostly salt marshes are observed (Fig. 18).
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Fig. 18: (a) Schematic map showing the typical distribution of channel forms and subenvironments in a sandy macrotidal

estuary, based on systems such as the Cobequid Bay-Salmon River and Bristol Channel-Severn River estuaries. The large

white arrows indicate sediment movement into the estuary from both the landward (fluvial) and seaward directions. (b)

Longitudinal distribution of wave, tidal and river energy (Modified after Dalrymple et al. (1992) and Dalrymple and Choi

(2007). The ‘tidal maximum’ is the location where the tidal-current speeds are greatest. (c) Longitudinal distribution of bed-
material (sand) grain size, showing the presence of a grain-size minimum near the location where flood-tidal and river
currents are equal (i.e., the bedload convergence), and of suspended-sediment concentrations, showing the turbidity
maximum. (d) Longitudinal distribution of the relative proportion of sand- and mud-sized sediment in the deposits. e)
Longitudinal distribution of trace fossil characteristics, based on Lettley et al. (2005) and MacEachern et al. (2005).
(Dalrymple et al., 2012).

Oceanographers use a different approach based on the physical representation of hydrodynamic
processes acting on the sediment from event to interannual time scales (process-based model). The
two approaches are therefore complementary in understanding the present-day sediment dynamics
of estuaries. Geologists provide a naturalistic description of sediment deposits and structures, which
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is as essential as short term in-situ measurements (e.g., current velocities or suspended matters) for
the definition and calibration of the physical processes simulated by oceanographers. Then process-
based models provide potential configurations, forcing or processes to explain the observations. Many
theoretical and realistic estuaries were modelled. Those works allowed to discretize the processes and
to study more precisely the formation of sediment structures already identified by naturalists: tidal
bars (Ouahsine et al., 2013; Price and Ruessink, 2013), dunes (van Santen et al., 2011; Davies and
Robins, 2017), or tidal flats (Palacio et al., 2005; Hu et al., 2015). It was through conceptual estuary
simulations that van de Lageweg and Feldman (2018) demonstrated the relationship between estuary
width and tidal bar formation. Tidal bars are more numerous and thicker in wide estuaries and much
less numerous and thick in narrow estuaries (Fig. 19).
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Fig. 19: Variations of bar morphology after one year of mixed fluvial and tidal currents, followed by one year of only tidal
currents. (van de Lageweg and Feldman, 2018).

Through the study of conceptual (or idealized) estuaries, the impact of hydrodynamics on sediment
structures is increasingly better understood and simulated. Bringing together naturalistic observations
and experimental physic investigations (e.g. van Rijn, 1994; Soulsby, 1997 for sand transport) allows
to reproduce the complex hydrodynamics that occurs in estuaries. Many realistic estuaries were
modelled in order to understand the sediment dynamics and its likely implications for human activities
or natural systems. In Grasso and Le Hir (2019) the spread of suspended sediments was studied in the
Seine estuary in 1960 and in 2010, for two median flows: 1340 and 340 (m3.s?). The study shows a very
different spread of sediments between these two periods, due to the human modifications of the
estuary (Fig. 20). The transfer of sediment is confined to the southern part of the estuary in 2010.
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Fig. 20: Spatial distribution of depth-averaged mud SSC (suspended sediment concentration) in the 1960 (top panels) and
2010 (bottom panels) configurations. Median values over a neap-spring tidal period during a, c low river flow (Qmean = 340
m3.s-1) and b, d high river flow (Qmean = 1340 m3.s-1). The white contours represent 5m isobaths, the black dashed line
represents the lower-most estuary limit used for SSC analyses (Grasso and Le Hir, 2019).

In the case of a low flow of the Seine river, the concentration of sediments is much higher in the
present-day upstream toward the Seine mouth than in 1960 and can disturb the human development
of this area (Fig. 20c). The maximum mass of suspended mud does not significantly change with the
estuary deepening and narrowing, but its distribution is less extended. The study of Grasso and Le Hir
(2019) highlights that the dredging and damping activities have hardly influenced the SSC (suspended
sediment concentration) distribution. In the Western Scheldt estuary (Netherlands), Dam et al. (2016)
directly explored the morpho-dynamical behaviour, by using a 2-D, high-resolution, process-based
model. Thanks to a unique bathymetric dataset they were able to compare the simulated
morphological evolution and measurements (thickness of tidal sand bars) over hundred years. The
results revealed the same patterns between simulation and data (only minor bathymetric differences
are visible, Fig. 21). This consistency between observations and simulations (Fig. 21) testified of the
very good representation of the tidal phenomenon in estuaries in hydro-sediment models.
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Fig. 21: Erosion and sedimentation patterns over the 1860-1970 period. (a) Measured. (b) Modelled. Black dashed line
indicates the 1860 plan form. Black solid line indicates the -5m contour line of the 1860 bed level (Dam et al., 2016).

Over a short period of time and with careful parameterisation, hydro-sediment models can represent
the sediment dynamics induced by tide in realistic estuaries. The main difficulty for tide modelling is
to discriminate the effects of each forcing at play in the system. An example of mixed system is the
Mekong Delta. The study of sediment distribution from the Mekong River along the coast (Tu et al.,
2019) needs to take into account tide, waves, the seasonal variability of river discharge and
meteorological forcings (monsoon). The simulations are validated with the help of Sea-Surface
Temperatures data (SSC) from satellite and in-situ measurements (SSC, waves and salinity). Tu et al.
(2019) explored the morphological evolution of the seafloor by calculating the difference of sediment
budget between the beginning and the end of the simulation at each point (Fig. 22).
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Fig. 22: Morphological changes of the Mekong coast (upper panel) and Bassac estuary (lower panel) after 5 and 10 years of
simulation (Tu et al., 2019).

They found that at the river mouths, seasonal sediment transport is strongly modulated by river
discharges and monsoons. When sand or mud sedimentation processes are related to seasonal river
discharges, the direction of suspended sediment movement depends on the direction of the monsoon.
In the estuaries erosion and deposition occurred alternatively, bars were formed in front of the
estuaries by tides and rivers, then these bars developed and migrated to the south-west region (Fig.
22). Thus, even in estuaries governed by numerous seasonal and annual forcings, the impact of
different events can be identified. In mixed systems, simulations may not be an exact reproduction of
sediment movements, but the most important, as for naturalistic approach, is that they help us to
understand natural processes and their interactions.

Thanks to the combined approach of these two communities, the present-day sediment dynamics are
well understood in estuaries. However, the understanding and simulation of sediment dynamics within
an estuary over thousands of years remains a challenging issue.

2.2.2 Long-term impact of tide on sedimentation

Compared to present-day tides, knowledge of the impact of past tides on sediment is very
limited. Processes acting on sediment transport in tide-dominated estuaries are very complex, as they
are influenced by numerous hydrodynamic and sedimentological factors over a wide range of temporal
and spatial scales (Wang, 2012). The study of sedimentary records allows to consider very long
temporal scale, i.e., in the order of thousands (ka) to million years (Ma). Contrary to the study of
present-day systems, where the information available is horizontal or in 3D, information available for
past sedimentary systems is mostly vertical (e.g. outcrop, seismic). Then sedimentary basins can be
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considered in 3D thanks to interpolation. For this reason, the interpretation of tidal influenced rocks is
mainly based on the cyclicity of the deposits (Kvale, 2012), marked by recurrent grain-size alternation
for example (Davis, 2012). Those rocks are the result of thousands of years of a short temporal scale
forcing (tidal currents: second/minute). The tide cyclicity is so well marked in some locations (outcrops,
cores) that tidal bedding sequences were correlated with paleo-tidal cycles (Fig. 23, Tessier, 1993).

Fig. 23: Some examples of neap/spring cycle records in planar bedding (N= neap: S=spring). (A) neap/spring cycle records
with sand-mud centimetre-scale tidal cycles. Notice the well-developed dark beds corresponding to the neap stages. Scale
bar= 3 cm; (B) neap/spring cycle records with sand-mud millimetre-scale tidal cycles. Notice the well-developed dark beds
corresponding to the neap stages. Scale bar = 10cm; (C) neap/spring cycle record with mud dominated centimetre-scale tidal
cycles. Scale in centimetres; (D) neap/spring cycle record with sand dominated centimetre-scale tidal cycles. Scale bar=5 cm
(Tessier, 1993)

This type of pattern can be observed in cores or outcrops only, because it needs a high resolution to
be observed. Sedimentary rocks influenced by tide are called tidalites, this term is used at different
time-scales and for various sediment structures.

Tidal influence on sediment deposits can also be identified by analogy with present-day coastal
environments, i.e. sediment patterns are compared with similar sedimentary system active at present-
day (Gingras and MacEachern, 2012). All the sediment structures forming at the present-day (section
2.2.1) can be interpreted in fossil records (Fig. 24, Flemming, 2012).
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Fig. 24 : Internal sedimentary structures typical for tidal flat deposits. (a) Bidirectional dune cross-bedding with current
dominance from right to left; (b) Bidirectional ripple crossbedding with well-developed herringbone structures; (c) Partly
bioturbated sand with shell layer at depth and shell lag at the surface. Note partly excavated shell of the bivalve Mya
arenaria in live position; (d) horizontally bedded sands above several convoluted bedsets; (e) Multidirectional wave and
current ripples in sand. Note the absence of clear herringbone structures; (f) Partly bioturbated, horizontally bedded sand in
lower part of core, grading into partly bioturbated rippled sand in upper part; (g) Flaser bedding typical for muddy sand
facies; (h) Lenticular bedding typical for sandy mud facies; (i) Weakly laminated sand in lower core, followed by well-
preserved lamination in upper core, both penetrated by a large worm tube, possibly of Arenicola marina (u-part hidden); (j)
Rooted salt marsh deposit (Flemming, 2012).

Ripple marks, dunes, sand bars and more, are excellent paleo-currents proxies (Fig. 24). Combining the
analysis of sediment structures and grain-sizes characteristics, can give paleo-directions of tidal
currents and clues about their velocity. Only some outcrops can give a 3D view of those structures. In
their absence, these centimetric structures are only visible with high resolution seismic, if they are not
too deeply buried. The stratigraphic interpretation of tidal deposits is carried out by analogy with
present-day observations (e.g. Reynaud et al., 2006; Shanmugam et al., 2009; Flemming, 2012; Olariu
et al., 2012; Reynaud and James, 2012; Lee et al., 2022), which are summarized in conceptual models
(e.g. Dalrymple and Choi, 2007; Dalrymple et al., 2012). The interpreted depositional environments are
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thus assembled to determine the depth and the influence of hydrodynamics by analogy. They can be
then associated with transgressive and regressive cycles: LST (Lowstand System Tract), TST
(Transgressive System Tract) and HST (Highstand system tract).

A good example of stratigraphic interpretation of a tidal dominated estuary infill (Mont Saint Michel
bay) is provided by Tessier et al. (2012). In this study numerous proxies are combined with a seismic
dataset and compared with conceptual models to interpret the sediment infill (Fig. 25). Main
sedimentation patterns are then attributed to several forcing or processes.
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Fig. 25: A) Seismic line samples and B) representative cores collected in the Mont-Saint-Michel bay. C) lllustrative model of
infilling with main systems tracts and surfaces according to a longitudinal cross-section (approximately parallel to the
incised valley). On B: Ages indicated along the cores are years cal BP; SD: storm dominated facies; TD: tide-dominated facies;
WSBB: well-sheltered back-barrier facies; EBB: exposed back barrier facies. Grain-size: p — peat, ¢ — clay, s — silt, fs — fine
sand, ms — medium sand, cs —coarse sand, and g —gravel. On C: TST: transgressive systems tract; HST: highstand systems
tract, MFS: maximum flooding surface; and LLTL: lowest low tide level (Tessier et al., 2012).
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Although all this information is valuable, the question of preservation of the deposits is very important
for understanding the infilling of an estuary. Each layer is the result of the balance between erosion
and deposition over hundreds to thousands of years (Flemming, 2012) and the sediment dynamics
coming after the deposition that could remobilized the previously deposited sediments. Erosion and
deposition areas are supposed to change with sea-level variation and seafloor morphology, it is
therefore very complicated to discretize the different events and understand the evolution of the
system (Tessier et al., 2012). The stratigraphic response of estuaries to sea-level changes is even more
complicated to take into account, as it varies with the combination of the rate of sea-level change,
sediment supply, bedrock morphology, and hydrodynamics (Tessier, 2012).
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Fig. 26: Stratigraphic organization of the sedimentary infill of the main modern (Holocene) tide-dominated estuaries,
including as well the mixed-energy estuary of the Gironde, and the tide-dominated delta of the Yangtze (a tide-dominated
estuary during the transgressive systems tract deposition). The Cobequid Bay-Salmon River estuary (Bay of Fundy, Canada).
The South Alligator estuary (van Diemen Gulf, North Australia). The Gironde estuary (Central Bay of Biscay, SW France). The
Seine estuary (Bay of Seine, NW France). The Mont-Saint-Michel estuary (Norman-Breton Gulf, NW France). The Vilaine
estuary (Northern Bay of Biscay, NW France). The early Holocene Yangtze estuary (East China Sea, China). The Qiantang
River estuary (Hangzhou Bay, China). SB: Sequence Boundary, TS: Transgressive Surface, TRS: Tidal Ravinement Surface,
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WRS: Wave Ravinement Surface, MFS: Maximum Flooding Surface, LST, TST, HST: Lowstand, Transgressive, Highstand
Systems Tracts), TDD Tide Dominated Delta (Tessier, 2012 and references).

The filling of tide-dominated estuaries in the Holocene reveals very different depositional
morphologies (Fig. 26). The thicknesses and shape of the deposits during the Holocene transgression
(sea-level rise) are different in all estuaries. Without common patterns, it is hard to deduce a global
impact of the tide on estuaries infill. In estuaries sequence stratigraphy, transgressive or regressive
movements are linked with the interpreted evolution of shoreline, which comes from depositional
environments interpretation of sedimentary record. For example, if the intertidal mud/sand limit or
sand bars (Dalrymple et al., 2012) are found upstream towards flanks of the estuary and river mouths,
it will be interpreted as a marine transgression and in this opposite case as a regression. Some
particular facies, or facies transition, are used to interpret sea-level variations, as salt marsh (e.g. Goslin
et al,, 2015). However, due to bad preservation, it is unusual to observe longitudinal variation of facies
deposits, even in the presence of a great dataset (e.g. cores, seismic, outcrops, Tessier, 2012).
Moreover, designation of the transgressive surface is particularly difficult as many of the prominent
surfaces in the estuary fill are diachronous facies boundaries (Dalrymple and Zaitlin, 1994). The
combination of diachronous facies boundaries, poor preservation of deposits, and the great
variabilities of facies and hydro-sediment processes in estuaries in space and time, complicates a lot
the interpretation of the tide impact on sedimentation.

The knowledge about short-term impact of tide on sediment dynamics allows to explain fossil records
(e.g. in Davis and Dalrymple, 2012). However, with partially preserved sedimentary records,
reconstructing the evolutive tidal influence over the entire history of the infill of the estuary is very
complex. With only partial sedimentary records, the only option to explore the evolution of the hydro-
sediment dynamic induced by tide is numerical modelling.

2.3. Numerical modelling of sediment deposits

The geological and oceanographic communities seek to understand respectively the infilling of
sedimentary basins and the hydro-sediment dynamics. Even if these two objectives are not totally
independent, the numerical models developed by each of these communities are thought in a
completely different way. To numerically simulate sedimentation two main models are developed: (i)
Stratigraphic models are designed to simulate sediment layers and resultant geometries at basin scale
and over geologic time-scales. They are therefore designed for geological purposes. (ii) Process-based
models that are designed for oceanographers aims, attempt to reproduce the impact of hydrodynamic
processes on sediment movements over events or decades. Various models of each type exist.

2.3.1 Stratigraphic modelling

Stratigraphic modelling is designed to represent the infilling of sedimentary basins at
geological time-scale (100 ka to 100 Ma) and basin scales (1 Km to 1000 km). This technic uses a
deterministic approach based on diffusion, which is the only approach allowing to reach such time and
space scales. Sediment transport is considered using a semi-empirical diffusive equation, linking the
sediment flux flowing at each point in the basin (transport capacity), to the slope (energy of the water
flow), and to a diffusion coefficient (transport efficiency, Granjeon and Joseph, 1999; Granjeon, 2014;
Granjeon, 2019). It also allows to take into account the influence of some advective currents, but only
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over large time steps (Eg. 1). The amount of sediment deposited or eroded at each point in the basin
can be then calculated by coupling those 3 parameters to the principle of mass conservation (Exner,
Eqg. 2). For example in DionisosFlow, the sediment flow is considered in 3 dimensions with the following
equation (Granjeon, 1996; Granjeon, 2014; Granjeon, 2019):

Eq. 1: @ = - (kgravity + kwater qw Sn_l) W{ + Cs da
dh
o7 = dx
| dn
dy
s = ||vA|

g, the sediment flux (m?/s)

kgravity: the gravity-driven diffusion coefficient (m?/s)

kv ater: the water-driven diffusion coefficient (m?/s)

q: relative water flow (dimensionless)

h: elevation (m).

S: bottom slope (altitude gradient)

cs: marine sediment concentration (suspended matter transported by the currents, kg/m?3)
d: elevation of marine current (m)

U: current velocity (m.s?)

oh = N
Eq. Z.E ==V -qq

Stratigraphic models do not consider the path of each individual grain, but aims to represent an
average of all different sediment processes, in order to simulate the long-term evolution of geometries
(Leroux, 2012). Stratigraphic models aim to simulate the synthetic result of geological processes over
millions of years. They consider mostly long-term processes (1 ka to several Ma) and the resulting
effect of some short-term processes over the same time scale using mean averaged values (e.g. river
discharge, wave direction). Long-term processes concern mostly the basin shapes, such as tectonic
movements with subsidence/uplift, and bathymetric evolution (eustatic movement and sedimentation
rate). Short-term processes concern mainly sediment fluxes, such as hydrodynamics. Choosing the
right statistical calculation to summarise the effect of short-term processes is very complex. For
example, for river discharge it is possible to consider the rivers discharge average, or only flood events,
or a mixture of both. The matter is to determine which conditions have the greatest impact on the
system. The basic principle of stratigraphic models links the amount of available sediment (from river
discharge, erosion and in-situ production) and the accommodation space of the basin, by diffusion (Fig.
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27). The accommodation space is established by quantifying tectonics, i.e. subsidence and/or uplift,
eustatism, compaction and erosion rates. Accommodation can be defined in two distinct ways: its
physical origin defines it as the result of the eustatic and tectonic movements combination, but it can
also be understood from the sedimentary record as the sum of the cumulative thickness of the
sediments (space filled by sediment) and the paleo-bathymetry (space not filled by sediment, Fig. 27,
Granjeon, 1996; Leroux, 2012).

Accommodation = Eustatism + Subsidence
or
Accommodation = Sediment thickness + Bathymetry

Fig. 27 : Definition of accommodation (Granjeon, 1996)

Stratigraphic models therefore consider the three main factors influencing sedimentation: sediment
supply, subsidence and eustatism (Rabineau, 2001). Although these three factors constitute the main
triggering parameters of basins infilling, many others influence the sediment deposition, such as
hydrodynamic processes or seafloor morphology (Fig. 28).
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Fig. 28: Hierarchy of factors influencing sedimentation (Rabineau, 2001)

Most of the factors identified in this figure (Fig. 28), are considered by stratigraphic models nowadays.
For example, most of them deal with basins and seafloor morphologies, tectonic movements,
compaction of sediment layers and erosion/weathering evolution in relation with climatic changes.
However, tides and generally hydrodynamics remain a challenge for stratigraphic modelling. Only
some of hydrodynamic forcings can be considered by those models: rivers discharge and waves. For
example, a predominant direction and height of waves (wave driven-diffusion coefficient) can be
implemented in some models. It was used by Busson et al. (2019) in the study of Caribbean carbonate
margins and by Al-Salmi et al. (2019) in Northern Oman. It is therefore possible to consider a
summarize approach of some hydrodynamic forcings. However, hydrodynamics is rarely taken into
account or only in a very simplified way, such as unidirectional mean currents. This type of
simplification is representative of some processes such as river discharge or waves impact (in some
locations). The rapid variations in speed and direction of tidal currents cannot be represented with this
kind of simplification. Moreover, the impact of hundreds of thousands tidal cycles on a sedimentary
system is unknown. The tide is therefore not taken into account, which is a major weakness or lack for
the coastal application of stratigraphic modelling.

Stratigraphic modelling already showed its effectiveness to reproduce different sedimentary basins
filling and studying long-term processes: coral bank formations (Barrett and Webster, 2017), basins
fluid dynamic (Vilasi et al., 2009), reservoirs and source rock formations (Bruneau et al., 2017),
regressive and transgressive sedimentary bodies (Ainsworth et al., 2000; Storms and Swift, 2003) ...
However, environments driven by short time-scale hydrodynamics processes, such as estuaries,
cannot be represented by these models. In the case of an estuary affected by tide, the impact of 2 or
20 thousand tidal cycles is unknown and stratigraphic models can not explicitly simulate tidal induced
currents.
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2.3.2 Hydro-sediment modelling

The hydro-sediment modelling is based on a completely different philosophy. Its objective is
to reproduce physical processes of hydrodynamics (currents, water level), the hydrology (salinity,
temperature) and their interactions with superficial sediments layer (suspension and re-suspension of
sediments, erosion/deposition, morphological evolutions) over short time scales (from event to
multiannual scales), related to realistic forcings (tide, wind, wave, river and weather forcing, Fig. 29,
Le Hir P. et al., 2001; Waeles, 2005). They are based on the coupling of a hydrodynamic core and a
sediment module. The hydrodynamic core reproduces currents and free surface evolution induced by
the different forcings thanks to the resolution of fluid dynamics equations. The hydrodynamic core is
then coupled with sediment processes: transport (particle advection), erosion and deposition of
sediment layers. The hydro-sediment models can take into account the morphological evolution of the
seafloor due to the erosion/deposition processes of the sediment layers, which influence the
hydrodynamics (Fig. 29). To model tide, free surface elevation variations are imposed at the
boundaries of a domain and circulation is allowed to take place. Those variations modify the potential
energy between borders and the estuary, and water masses propagate in or out of the estuary by
gravity. It means that currents are produced by the propagation of sea surface variations, which are
coming from astronomical parameters summarized in a sea surface variations curve (applied at the
model oceanic open boundaries). The effect of simulated current on sediments is taken into account
to compute the sediment processes on the seafloor and in the water column, considering median
diameters of sediment classes.

-- _-
| /
Morphodynamic _

Fig. 29: Schematic representation of the hydro-sedimentary modelling.

These models are calibrated and parameterised with in-situ measurements, such as water height,
current velocities, suspended matters, etc. They provide a 3D view of the sediment dynamics over an
entire estuary where in situ data can only give punctual information. Then they can be used to test the
response of estuaries to different forcing scenarios: different river flows, wave or wind regimes.

Hydro-sediment modelling allows to study the hydrodynamic effects on sedimentation at very fine
spatial scale, but only over short-time periods (from hours to years, e.g. Tosic et al., 2019; Diaz et al.,
2020). However, it can be used to study very specific processes from the behaviour of a floc population
during a tidal cycle (Aggregation and fragmentation of cohesive sediments, Verney et al., 2011), to
global considerations such as potential tidal propagation due to paleo-oceans shapes (Aptian, Wells et
al., 2010; Holocene and Lower Cretaceous, Reynaud and Dalrymple, 2012; lower Oxfordian, Zuchuat
et al, 2022). It allows to study morphological evolution of coastal environment induced by
hydrodynamic (e.g. Waeles, 2005; Dam et al., 2016; Grasso and Le Hir, 2019; Tu et al., 2019). The
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computational time of hydro-sediment processes limits the simulation to approximatively a decade,
unless simplifications of the integration of time-consuming processes are made.

To consider larger time scales, many simplifications were imagined for hydro-sediment modelling. The
morphological evolutions of nearshore basins are most often approached by the so-called "reduced
complexity models". It is an important topic for society but complex for researchers, because it mixes
one second-time scale processes with one-hundred-year time-scale processes. Several methodologies
already exist to simplify or schematize the tidal calculation in process-based models. It can be done by
extrapolating the computed bed evolution (morphological factor), by increasing the morphological
time step (elongated tide), by avoiding the time-consuming re-computation of the hydrodynamics
after every transport and bed-evolution step (continuity correction), or by considering the seabed fixed
during the computation of hydrodynamics and sediment transport over a tidal cycle (tide-averaging).
All those technics are described and illustrated in a synthesis proposed by Roelvink (2006). Simplified
considerations of the tidal process are always done in order to achieved hydro-sediment model
computing time reduction and rely on strong hypothesis.

The most used technique is to run hydro-sediment models with a multiplicative factor for
morphological process. The multiplicative factor (n) is applied on erosion and deposition fluxes, or
directly on the amount of gain and loss of sediment, estimated by a hydro-sediment model (Franz et
al., 2017; Elmilady et al., 2020). The volumes deposited are therefore the expression of present-day
forcing (1 to 10 years) multiplied by n at each time step. These simulations take into account the
evolution of the bottom, thanks to regular update of the bathymetry, which modify the propagation
of currents. Usually, this technique does not exceed 100 years. However, some studies used much
larger factors (e.g. 400 in Braat et al., 2017) to explore morphological evolution over longer time scales.

2.3.3 Modelling long-term tidal impact

Simulating the impact of tide on sedimentation over a long time interval remains a scientific
lock. Only sedimentary records give clues about the impact of paleo-tides, as neither geologists nor
oceanographers were able to model tidal sediment deposits or tides over long periods. Because of the
different time and space scales they deal with, these two types of models are not used for the same
purposes (Joseph et al., 2016). Stratigraphic modelling is run for large time scale issues and are
parameterized with time steps that are too large to take explicitly into account hydrodynamic
processes oscillating as fast as the tide. It could only take into account the cumulative effect of the tide
over long periods, which is unknown. Hydro-sediment modelling is designed to reproduce
hydrodynamic processes and faithfully represents the tide impact on sediment deposits, but only over
short-time scales. This scale issue, well known by the scientific community, prevents any simulation
considering both geological and hydrodynamical processes. Time span of simulations is quickly
identified as an important limitation to the understanding of the sediment dynamics of estuaries. Many
studies seek to increase the simulation time-span of hydro-sediment modelling by simplifying the input
conditions (Latteux, 1995; Cayocca, 2001; Visser, 2002) or using a morphological factor (see above)
(Franz et al., 2017; Elmilady et al., 2020). Mainly conceptual estuaries were simulated with high
morphological factors and they all led to estuary equilibrium configuration (Bolla Pittaluga et al., 2015;
Guo et al., 2015; Braat et al., 2017). Simulations of Bolla Pittaluga et al. (2015) indicate that the
investigated system always moves toward an equilibrium configuration in which the net sediment flux
in a tidal cycle keeps constant throughout the estuary and equal to the constant sediment flux
delivered by the river. After around 100 years, the estuary becomes a transfer zone (Fig. 30), but this
duration can change with mud and sand proportions (Braat et al., 2017), the size and shape of the

55



estuary (Lanzoni and Seminara, 2002) and river discharge (Guo et al., 2015). Fig. 30 also questions the
use of large morphological factors by showing that only short-term parameters, such as tides, waves
and river discharge, cannot explain the long-term morphological evolution of an estuary.
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t (years)

Fig. 30: Temporal evolution of the global dimensionless net sediment flux Qs ¢o¢-

Most of the observed sediment features, such as tidal channels, dunes, tidal flats, are the result of a
system seeking to reach its dynamic equilibrium. For example, the incision process (channels
formation), which can be rather rapid at the geologic time scale, is the result of the whole
morphodynamic system being far from its equilibrium configuration (Coco et al., 2013). However,
eustatism or subsidence processes change the conditions to reach this dynamic equilibrium and that
is why almost no natural estuary reached it yet. Lanzoni and Seminara (2002) show that hydrodynamic
processes dominate for periods within 1 to 100 years, but for longer periods long-term processes
(continuously changing the equilibrium conditions) are not negligible to reproduce natural estuaries
sedimentation.

The upscale issue rises therefore the question of using "appropriate complexity" (French et al., 2016),
which consists of considering (and solving) the processes at the scale of the problem studied. It means
that the objective is to summarise the impact of the considered forcing at study timestep. ldentifying
and modelling the feedbacks at the scale of interest is of critical importance and uttermost difficulty
(particularly with respect to the choice of which processes are included/excluded from the model, and
how to simplify the representation of these processes, Coco et al., 2013). In the case of the tide, the
problem is therefore how to estimate (qualitatively and quantitatively) its impact on sediment
deposits. Understanding the evolution of the impact of tidal currents in relation to geological
parameters, such as sea-level and seafloor evolution, is therefore a key issue for long-term modelling
and sequence stratigraphy interpretation. In other words, the issue is to understand the movements
of depositional and erosional zones induced by tidal currents in relation to paleoenvironmental
evolution. Numerically modelling the hydro-sediment response of an estuary to geological parameters
is the only way to find out if the computation of the tidal impact on sediments can be
synthetised/simplified over long time interval.

Chapter 3 will propose a new methodology using Holocene sedimentary records to identify and rebuild
successive paleoenvironments (defined as seafloor and sea-level), which stand for all key infilling steps
over the estuary Holocene history, in order to run hydro-sediment simulations representative of the
past 10 ka.
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3 Study area and methodology
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3.1 The Bay of Brest

The Bay of Brest is located at the western-end of Brittany (France). It is a semi-enclosed estuary
communicating with the Iroise Sea, through a 6 km long and 1.8 km wide strait (Fig. 31). At present-
day, the Bay of Brest covers about 180 km?2. Its coastline is 270 km long (Beudin, 2014) and displays
points, peninsula, coves and bays. The Bay of Brest is a macrotidal system, with a mean spring tidal
range of 5.9 m and a mean neap tidal range of 2.80 m in Brest harbour (Beudin, 2014). During
exceptional spring tide, tidal range can reaches 7.5 to 8 m depending on the location within the Bay
(SHOM, 2015a). Hydrodynamic within the Bay of Brest is dominated by tide, as it is naturally protected
from oceanic waves thanks to its semi-enclosed configuration (Monbet and Bassoullet, 1989).
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Fig. 31: Present-day bathymetric map of the Bay of Brest, generated from SHOM'’s data (2015). The inset-bathymetric
section is represented by a blue line on the map. Blue line section correspond to the present-day bathymetry and the black
one to the beginning of the Holocene filling of the Bay of Brest terraces (9 ka cal.BP). T1: paleo main channel. T2: deepest
stage of terraces. T3: shallowest stage of terraces. Black dotted box represents the limits of the central area and red dotted
box is the limits of the upper area.

The Bay of Brest displays a particular shape, with a very steep and irregular coastline. This morphology
is due to the nature of its basement rocks. The north of the Bay of Brest (Brest) is made of magmatic
rocks very difficult to erode, while metamorphosed Paleozoic sedimentary rocks constitute Crozon and
Plougastel-Daoulas peninsula (Gumiaux et al., 2004). Along the coastline, many coves and bays are
protected by this irregular coastline, which also forms straits. This estuary is divided in two parts: the
upper part, located East of the strait between Lanvéoc and Plougastel-Daoulas peninsula (towards the
estuary of the Aulne river, Fig. 31) and the central part, located West to the same strait until the strait
between Plouzané and Roscanvel peninsula on the Westernmost part (Fig. 31). The outer zone
corresponds to the lroise sea, this area is exposed to a different hydrodynamic regime (e.g. waves,
storms) and is not analysed in this study. The shape of the Bay of Brest is a consequence of three major
mountain orogens: the Pentevrian (2 Ga to 750 Ma), Cadomian (600 to 530 Ma) and Hercynean (380
to 250 Ma) chains (Ballévre et al.,, 2009; 2014). The Hercynian chain was divided into different
provinces, separated from each other by faults and shear zones. The South Armorican Shear Zone is
located South to the Bay of Douarnenez (South to Crozon). The North Armorican Shear Zone crosses
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the study area and formed the bed of the Elorn river and the strait between Plouzané and the
Roscanvel peninsula, named “Goulet”. The two main rivers (Aulne and Elorn) result from different
formation processes. The Elorn main channel takes place within a tectonic fault (North Armorican
Shear Zone), while the Aulne main channel is characterized by a meandering shape, formed by
regressive erosion (Fig. 31, Hallegouet et al., 1994). Since the Eocene the Bay of Brest emerged several
times (Fig. 32), because of glacio-eustatic movements. As a result the basement was eroded by paleo-
rivers during low sea-level stages (Hallegouet et al., 1994).

-

Miocene transgression

Fig. 32 : Synoptic diagram of the genesis of the Bay of Brest since the beginning of the Tertiary period. Flooded areas are
represented in blue. The other colours represent emerged areas from the lowest (white) to the highest (brown, Hallegouet et
al.,, 1994).

During the Eocene, the fluvial paleo-network passed through the Penfeld bed towards the English
Channel to the north (Fig. 32). At the end of the Oligocene a drainage network existed at the site of
the present-day strait between Plouzané and Roscanvel peninsula, and rivers acquired a configuration
(location and flowing direction) similar to present-day (Fig. 32).

Those sea-level variations led to the digging of the Aulne bed and the present-day seafloor
morphology. The period of digging occurred during the last glacial maximum (LGM). During the LGM
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the sea-level was at least 100 metres lower than the present-day sea-level and Europe and England
were separated only the paleo-river Manche (Ehlers and Gibbard, 2004, Fig. 33). At that time Brittany
was in a periglacial context and covered by a discontinuous permafrost (Petit-Maire, 1999, Fig. 34).
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Fig. 33 : Paleogeography during the LGM (Ehlers and Gibbard, 2004)
¥
Legend
- area of unknown
- loess outcrop (observed) :! vegetation cover
E Sandy loess Boreal forest
[:I Eolian sand O Steppe
by D loess area (interpreted) @ Wooded steppe
| E Sand area (interpreted) I:I Continuous permafrost
4 : Emerged continental shelf : Discontinuous permafrost
£ - Lake ~ Dominant wind direction
:] Glacier "’ Network of ice corners
<" Shoreline TV isolated ice corners
= Present-day shoreline £ Palsa

Le fond cartographique de référence est issu du fichier ROUTE 1208 de MGN,
Le e wtilisé est la I étendu.

Coordination scientifique : Nicole PETI-MAIRE (Alx-en-Provence). 4"

Auteurs: . ANTOINE (Lille)
L de BEAULIEU (Marscille)

NQUy P. BINTZ (Grenoble) n’
A\ mmw} 4’4 ?/

M.T. MORZADEC (Rennes)
3. RENAULT-MISKOVSKY (Paris)

Yoo ANDRA

© ANDRA-Parks 1999
© CHEINGUA-Poris 1
2 IGH-Paris 1999 (fond cartographique)
Cette carte a é1£ réalisée par |'Institut Géographique National i
du Midi - Alz-gn-Provence

Fig. 34 : Soil composition at 18 ka (ANDRA - CNF-INQUA - IGN).

60



Three morphological domains were formed by paleo-rivers (Gregoire et al., 2016): T1 is the main
channel, where paleo-rivers flowed; T2 is the deepest stage of terraces, above T1 (intermediate
domain); T3 corresponds to the shallowest terraces close to the present-day shoreline, often localized
in sheltered coves and bays (Fig. 31). The two levels of terraces locate in different configurations: T2 is
mostly presents in the central part of the Bay and gets narrow towards the Aulne mouth (Fig. 31), while
T3 is mostly present in coves and bays. A network of secondary channels within T2 and T3 connects
these domains to the main channel (T1). The inclination of morphological domains calculated by
Gregoire et al. (2017) reveals that the terraces are very flat domains (0.5-1°) and the slopes between
domains show an inclination of 2 to 4°.

3.1.1 Holocene history

During the Holocene period (11.7 ka to present-day), the sea-level rises by about 50 m (mean
worldwide value, Woodroff and Horton, 2005). The global warming happening during the Holocene
triggered significant retreat of the North European glaciers compared to the Wiirm period (115 to 11.7
ka BP) and ice sheets melt. This melting is responsible for the rise in mean sea-level (Goslin et al., 2015).
The Holocene flooding of the Bay of Brest started around 10 000 years ago, with a local mean sea-level
35 m lower than the present-day one (Gregoire, 2016). The mean sea-level rise is fast (~1 cm.yr?)
between 10 ka and around 7 - 6 ka (BP), then it slows down until it reaches the present-day level (Fig.
35, Goslin et al., 2015).

Age (ky cal. B.P)

Relative sea-level (meters)

= Basal SLIPs - This study & Goslin et al. (2013), Stéphan et al. (2015)

] Western  |ntercalated SLIPs - This study & Stéphan et al. (2015)
- Brittany

—_ Limiting points - This study

Southern UK (Hampshire} - Intercalated SLIPs - Long and Tooley (1995)

Seine Estuary - Basal SLIPs - Huault (1980) and Frouin (2007) -14
in Stéphan and Gaslin (2014)

Belgium - Denys and Baetman, 1995 in Vink et al.(2007)

Southwestern UK (Devon, Cornwall, Scillies) - Healy, 1993, 1995;
[ | Massey et al, 2008; Gehrels et al, 2011; Gehrels & Anderson, 2014

Fig. 35: Inter-regional comparison of RSL records from Western Brittany (brown boxes), South-western UK (Devon, Cornwall
e black boxes), Central UK (Hampshire green boxes), Seine estuary (Blue boxes) and Western Belgium (red boxes) during the
last 8 ka B.P. Mind that all represented data basal SLIPs (sea-level index points), excepted thin contoured brown boxes and
SLIPs from Hampshire. These latter may thus have been lowered by some post-depositional compaction and hence
potentially underestimate RSL position (Goslin et al., 2015).
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Thus, morphological domains are progressively flooded within the Bay according to sea-level rise and
seafloor evolution through sedimentation. At 10 ka (cal. BP), the Bay is almost entirely emerged and
only few parts of T1 are flooded. At 9 ka (cal. BP), the sea-level is about 26 m lower than the present-
day one (Woodroff and Horton, 2005). In these conditions, T2 terraces are intertidal and T1 is subtidal
(Fig. 36). As the rise in sea-level is fast at the beginning of the Holocene, it reaches -10 m at 7.5 ka (cal.
BP, Goslin et al., 2015). The intertidal area is then located over T3 terraces and subtidal domain over
T2 terraces (Fig. 36). Between 7 and 6 ka (cal. BP), the rise in sea-level slows down (Goslin et al., 2015).
Around 7 ka (cal. BP), it reaches 5 m below the present-day one, and leads most of T3 terrasse into
subtidal domain. At the present-day, most of the Bay is subtidal due to the steep coastline of the Bay
of Brest (Fig. 36)

9 000 years (BP) Mean sea-level -26 m Mean sea-level -10 m

Brest
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Fig. 36: Key stages of the Bay of Brest flooding, during the Holocene transgression. Subtidal areas are in blue; intertidal
areas are in orange; emerged areas are in red. T1: paleo main channel. T2: deepest stage of terraces. T3: shallowest stage of
terraces.

During the transgression, four sedimentological units, U0, U1, U2 and U3, are set-up in the Bay of Brest
(Gregoire, 2016). These units are identified from seismic interpretations and samples descriptions
(from cores, Gregoire et al., 2017). All seismic and sample acquisitions in the Bay (Fig. 37a) are listed
in Gregoire (2016). A large seismic dataset (Fig. 37a) is available for the Bay of Brest: more than 1200
km of seismic profiles cover the Bay from rivers mouths to 10 km outside of the Bay (Iroise sea). Seismic
data include high resolution seismic profiles acquired with a single-channel streamer and a SPARKER
source (campaigns: SAMDISOIR; GEOBREST; GEOLUCAS; SERABEQ 1, Gregoire and Le Roy, 2014) and
very high-resolution profiles (sub-bottom profiler) acquired over T3 (SERABEQ 2, Gregoire et al., 2015).
Their vertical resolutions are respectively of around 1 m and 30 cm (Gregoire et al., 2017). In this
previous work, conversion of seismic two-way travel time to depth used a constant velocity of 1800
m.s? in sediments. Gravity cores were used for Holocene stratigraphic interpretations and ages
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estimates. Note that, as estuaries are areas where sediments are regularly reworked, the age of the
grain from shell dating (Gregoire et al., 2017), is potentially different from the age of the preserved
deposit. Datings mainly come from cores acquired during SERABEQ-03 campaign (Ehrhold and
Gregoire, 2015). Only one core has potentially reached the oldest units, U0, and only about ten reached
the second sediment unit, U1 (Fig. 37b). Sediment chronology established in the Bay of Brest by
Gregoire et al. (2017) is based on shell dating, correlated to cores description and then to seismic
profiles interpretations.

The dataset (cores and seismic) used come from Gregoire (2016). The dataset was resyntetised for the
needs of the study (e.g. thickness maps, bathymetric maps, 10 cores descriptions and some local
seismic interpretation). The main aim of studying sedimentary records was to obtain an overview of
all information available for the set-up of our methodology and modelling approach. In this study, the
ten cores reaching the oldest units were described. Tab 1 resumes the cores locations, length and
simplified grain-size observations (in four classes, see their position on Fig. 37). Cores were firstly
correlated to seismic data (not ages), in order to obtain consistent grain size information within seismic
units (between seismic markers interpretation), given the uncertainty of shell dating due to
remobilisation inside estuaries. Gregoire et al. (2017) present a summary of data and key observations
in order to explain the chronology set up.

Tab. 1: Resume of cores information and simplified observations (cores not presented in this chapter are available in
annexes)

from SERABEQ 3 (Ehrhold
Ks 27 |Ks 34 |Ks 35|Ks 38|Ks 39|ks 40|Ks 41|Ks 43|Ks 44(Vz 31
and Gregoire, 2015)

longitude -4.4774 | -4.3637 | -4.4078 | -4.4804 | -4.5168 | -4.5229 | -4.4655 | -4.4703 | -4.4626 | -4.4708
latitude 48.3032 | 48.2999 | 48.3126 | 48.2996 | 48.3128 | 48.3219 | 48.3662 | 48.3507 | 48.3620 | 48.3518
length (m) 1,68 2,64 3,31 3,52 3,55 3,57 2,14 3,6 3,31 2,64

grain-size classes
U3 FSandS [Mand FS|M and FS|M and FS{M and FS| Sand G [FSand G S FSand S FS
observed:

M: muds; FS: fine u2 M S Mand S FS Mand S - M - MandFS| FS

sands; S: sands; G:

gravels ul - M |MandFS| M M M - M |MandFS
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Fig. 37: (a) Location map of all seismic profiles used in this study (Gregoire et al., 2017). (b) Location map of seismic lines and
gravity-cores shown in this study.

The Holocene infilling chronology of the Bay of Brest relies on stratigraphic interpretation of Gregoire
et al. (2017). The first sediment unit (UO) deposit starts approximatively at ~10 ka (cal. BP) and ends at
~9 ka (cal. BP). The sea-level rises quickly during that period ranging from -35 m to -26 m relative to
the present-day sea-level. Then, U1 takes place between ~9 and ~7 ka (cal. BP), with a fast sea-level
rise (-26 to -5 m relative to the present-day sea-level, Fig. 38). During U2 deposit, the sea-level rise is
much slower than during U1, ranging from -5 m at ~7 ka (cal. BP) to almost the present-day sea-level
at ~3-2 ka (cal. BP, Fig. 35, Goslin et al., 2015). After U2 deposit, a sediment hiatus of ~ 1 000 years is
observed and interpreted as a MFS (Maximum Flooding Surface, Fig. 38, Gregoire et al., 2017). At ~2
ka (cal. BP), U3 starts to set-up, until present-day (Fig. 38). Unfortunately, cores observations did not
allow to establish a correlation between ages and observations within sediment units. The chronology
within sediment units remains unknown.
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Fig. 38: Stratigraphic log over the Holocene period in the Bay of Brest on top (chronology from Gregoire et al., 2017). The
vertical scale displays approximative global unit thicknesses and the horizontal scale represents approximative mean grain
size of units (lines are not straight, as mean grain size changes within units). Approximative mud and sand proportions are

displayed in brown and yellow.

The sediment units in the Bay of Brest seem to be well preserved. Stratigraphic interpretation over the
Holocene, from Gregoire (2016), displays short hiatus and several meters of each sediment unit is
preserved over different morphological domains (Gregoire et al., 2017). Moreover, as the tectonic
responsible of the semi-enclosed configuration is much older than 10 ka (BP, Hallegouet et al., 1994;
Ballévre et al., 2009), the Bay of Brest is protected from oceanic waves during all its infill period
(Monbet and Bassoullet, 1989).

3.1.1.1 U0, 10- 9 ka (BP)

Before 10 ka (BP) only continental deposits are observed. They constitute the basal pavement
of the main channel, as well as the infill of secondary channels and terraces, (Gregoire, 2016). Due to
glacial erosion, a lot of continental sediment are supposed to reach the Bay mostly by fluvial discharge.

The oldest sediment unit encountered in the Bay of Brest is UO. Its deposition take place between 10
and 9 ka (cal. BP, Gregoire et al., 2017), with a sea-level ranging from -35 m and -26 m relative to the
present-day sea-level (Woodroff and Horton, 2005). During this period, only some parts of T1 (the main
channel) are subtidal, the others are in the intertidal area. Within the Bay, only rivers channels are
invaded by the tide: it is therefore a ria system. Unfortunately, no sediment sample is available in this
morphological domain (T1) and UO interpretation relies on seismic only. Although it was not recovered
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by coring, its chaotic geometry and discontinuous reflectors are interpreted as a signature of
heterogeneous and coarse continental deposits (Gregoire et al., 2017). U0 deposits display mainly
architectures characterized by many toplaps and downlaps (Figs. 39, 41), or bedrock depression filling
patterns characterized by onlap over the bedrock (Fig. 39). UO deposit are mostly observed within the
main channel and in some secondary channels over T2 in the central part (Fig. 40).

SEDIMENTARY INFILL

D Unit 0 - Unit 1 I:l Unit 2 |:I Unit3

SUBSTRATUM

Acoustic
Basement

Fig. 39: Fence diagram of seismic profiles showing the internal architecture of the main Aulne axis and its secondary network
(location on Fig. 37b, profiles 1 to 6). Dashed lines were used where the acoustics masks (gas) can hide the reflectors
architecture (Gregoire et al., 2017).
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Fig. 40: Thickness maps of sediment unit UO, reconstructed with from seismic interpretations of Gregoire (2016).

At the beginning of the Holocene infill (10 to 9 ka), the sediment infill is still mainly continental and
only some sand bars in the central part are probably influenced by the tide (Figs. 39 and 41). Previous
continental sediments and UO deposits display irregular reflectors and deposits localised mainly over
T1 and secondary channels, it is therefore very difficult to distinguish them. They are interpreted as
low sea-level deposits (LST, Gregoire et al., 2017).

3.1.1.2 U1, 9ka - 7 ka (BP)

U1 deposition takes place during the interval 9 - 7 ka (cal. BP, Gregoire et al., 2017). U1 overlays
either UO or the bed rock. U1 overlays UO only within the channels (the main and the secondary ones).
When superimposed, these units are separated by a discontinuity, which is visible thanks to
truncations of U0 reflectors located in some parts of paleo-channels (Fig. 39) with U1l discordant
overlying deposits (Figs. 39 and 41). In the deepest part of the Bay (T1), U1 deposits display typical
shape of sand bars with locally high thickness (about 11 m maximum, Fig. 43) and terminations of
reflectors with top- and down-laps (Fig. 41).
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Over the shallowest terraces (T3) we mostly observe aggradation patterns (Figs. 42, 44, 46), with some
onlaps ending reflectors over bed rock irregularities (Fig. 42). Over T3 some cut and fill facies were
observed by Gregoire et al. (2017). U1 deposits are mostly present over T3 and on slopes between T2
and T3 domains (thickness average around 5 m, Fig. 43). Three thick accumulations (about 10 to 15 m
maximum, Fig. 43) are located inside the main channel. Core samples are available only on slopes
between T3 and T2, and over T3. Cores samples show only muddy sediment over T3 (e.g. Figs. 41, 44,
46 and Tab. 1) and muddy sediment mixed with some very fine sands on slopes (Tab. 1). Over T1 they
are interpreted through seismic facies as sands or coarser sediments by Gregoire et al., 2017. These
three different types of deposits are assumed to correspond to two deposition regimes by Gregoire et
al. (2017): they respectively correspond to supratidal and intertidal flat deposits in shallow parts (T3)
and slope (T2-T3). In contrast, geometries observed in the deeper part of T1, suggest a relatively high
hydrodynamic regime allowing formation of sand-dominated point bars and spit bars along subtidal
sinuous channels. Cut and fill facies observed over T3 (Gregoire et al., 2017) also highlight a strong
hydrodynamic in secondary channels.
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Fig. 43: Thickness maps of sediment unit U1, reconstructed from seismic interpretations of Gregoire (2016).

U1 deposits are interpreted as transgressive deposits (TST, Gregoire et al., 2017), but the chronology
within the sediment unit remains unknown due to the lack of samples and probable reworking of
sediments. During U1 time-span, the tidal dynamic is visible through deposition patterns: tidal (mainly
muddy) flats deposits close to the intertidal zone and sand bars in the main channel. This interpretation
is in agreement with the conceptual scheme of Dalrymple et al. (2012). However, the absence of
deposition over T2 terraces, which are intertidal at the beginning of the 9 - 7 ka (BP) period, remains
unexplained.

3.1.1.3 U2, 7 ka - 3 ka (BP)

After a quick sediment hiatus of about 200 years the deposition of the sediment unit U2 occurs
over about 4 ka (Gregoire et al., 2017). U2 displays similar seismic facies as U1: over shallowest parts
(T3 and slopes between T2 and T3) reflectors are continuous and form aggrading patterns (Figs. 44 and
46); over deepest parts (T1) they end in toplaps and downlaps and form sand bar patterns (Fig. 41). U1
and U2 are separated by a discontinuity, easily visible in the paleo-network, U2 lying in discordance
over Ul (Fig. 41). The U1-U2 transition is much more difficult to highlight over T3 terraces, as
deposition patterns are similar between Ul and U2. U2 deposits are supposed to seal some ebb
channel over T3 (Gregoire et al., 2017). Some U2 reflectors dowlaps ending highlight the discontinuity
(e.g. Fig. 44) and it can be follow thanks to continuous reflectors.
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U2 strongest thicknesses (between 5 to more than 11 m) are located in the central area over T1 and
only small deposits are located over T2 at the south of the main channel (Fig. 45). They are assumed
to be sandy sediments thanks to seismic pattern interpretation of Gregoire et al. (2017). On the slopes
between T2 and T3 and over T3, several meters of sediments are preserved (less than 1 to 5 m, Fig.
45). Core samples show that U2 is mainly composed of fine to medium sands and mud in those
locations (Figs. 37b, 41, 44, 46 and Tab. 1). In the centre, the global grain size observed inside cores
(located at the edges of T2 terraces) is coarser than during U1 (Figs. 41 and 44). In the upper area all
morphological domains are covered by U2 sediments (T3, T2, T1, Fig. 44). Only two cores are present
in the upper area and both present medium sands (Ks_34, Fig. 46, Ks_35, Tab. 1) and Ks_35 displays
also mud.
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Fig. 45: Thickness maps of sediment unit U2, reconstructed from seismic interpretations of Gregoire (2016).

Global seismic patterns of U2 display many similarities with U1 in the centre: thickness distribution
(mainly over T1 and T3) and geometries (high energic patterns over T1 and aggradation over T3). Most
of U2 deposits are located over T1 and are interpreted as sands (Gregoire et al., 2017). This unit is
therefore associated to a greater input of shelly marine sand than the previous one (Figs. 41, 44, 46;
Gregoire et al., 2017), which can be linked with wide accumulations located over T1 in the centre. U2
is interpreted as the second part of the transgressive system track (TST, Gregoire et al., 2017).
However, Ul and U2 display important differences: in the centre, main preserved deposits are located
over T1 during U2 (while they were over T3 during U1) ; U2 deposits cover the upper area, while none
are recorded for U1 over T1 (Figs. 43 and 45). Gregoire et al. (2017) observed sand bars inside seismic
patterns of U2 near the mouth of the Aulne and the Elorn rivers. These figures would be the result of
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the establishment of different flow direction of ebb and flood tides over those areas around 7-6 ka
(cal. BP, Gregoire et al., 2017); i.e. tidal currents are no longer bidirectional, ebb and flood tides
induced currents are not taking place over the same locations.

3.1.1.4 U3, 2 ka (BP) - present-day

The last sediment unit, U3, settles since 2 ka (cal. BP) and is still active at present-day (Gregoire
et al., 2017). U3 overlays U2, after a hiatus of about 1 000 years, corresponding to a MFS (Maximum
Flooding Surface, Gregoire et al., 2017). U3 displays mainly aggrading parallel reflectors, draping the
Bay (Figs. 41, 42, 44, 46). The surface between U2 and U3 is easily visible inside T1, as U3 deposits are
in discordance over U2 (Fig. 41). Over T3, and on slopes between T3 and T2, the top of U2 is marked
by an erosive surface, with an irregular morphology (Figs. 44 and 46). This marker is visible only on the
very high resolution of subbottom profiler data (Figs. 44 and 46). This surface is likely linked to the
induration of U2 top during the hiatus between U2 and U3 (MFS), which is associated to an erosive
period according to Gregoire et al. (2017). Thin reflectors overlying the bed rock over T2 in the centre
are also interpreted as U3 deposits (Gregoire et al., 2017).
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The thickness map of U3, calculated from seismic interpretation of Gregoire et al. (2017), reveals that
U3 covers the entire estuary (Fig. 47). It drapes previous sediment units and appears as a thin shelly
sand layer on the top of tidal banks, organized in dunes or ripples (Fig. 48, Gregoire et al., 2017). All
the cores studied on slopes between T2 and T3 (central area) display a global granulometric increase
compared to previous units (e.g. Figs. 41, 44 and Tab. 1). Mud, fine to medium sands are observed with
some intercalations of gravels (Figs. 41, 44, 46 and Tab. 1). During U3, muddy sediments are more
proximal (over T3 only) than during U2. The grain size distribution at the present-day was studied by
Gregoire (2016) thanks to seafloor sampling all over the Bay. It led to a map of grain size distribution
over the Bay (Fig. 48). As U3 is still active at the present-day, the top of this unit corresponds to the
present-day seafloor. T2 terraces in the centre are mostly covered with coarse sediments. U3 is
composed of sands of different grain sizes over T1 while it covers T3 terraces with mostly muddy
sediments. In the upper area, muds dominate and are mixed with sands of variable grain sizes. T1
displays the coarsest deposits of the upper domain (more sandy sediment) compared to the other
morphological domains (Fig. 48).
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Fig. 47: Thickness maps of sediment unit U3, reconstructed from seismic interpretations of Gregoire (2016).
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U3 deposits are interpreted as high sea-level deposits (HST) and drape the entire bay (Gregoire et al.,
2017). At ~2 ka, the present-day hydrodynamic is installed and the centre of the Bay is affected by
strong tidal currents, which prevent fine sediment deposition (accumulated in the shallowest parts,
Gregoire et al., 2017). U3 displays the thinnest global thicknesses compared to the other units (Fig. 43,
44, 46), but it is the only unit that is significantly preserved over T2 in the centre (Fig. 47). According to
Gregoire et al. (2017), most of the U3 deposition occurs in the embayment and in the estuaries, as well
as on the top of tidal banks where the sand-gravel shelly sediments are organized in dunes. It means
that fine deposits of U3 accumulate in quiet parts of the Bay and coarser deposits of U3 accumulate
inside dunes and ripple marks in areas of likely strong tidal currents (centre of the Bay of Brest, over
T2 and T1).

3.1.2 Hydrodynamics Forcings

The Bay of Brest is a macrotidal estuary. It is fed by many rivers (Aulne, Elorn, Mignonne,
Douffine, Penfeld, river of the Faou, Camfrout and others). The region is affected by strong waves,
especially during winter. Numerous storms hit the Breton coast every year mostly during autumn and
winter. However, the Bay of Brest displays a special configuration, that separates the Bay from the
Iroise sea by a strait between Plouzané and Roscanvel peninsula (1.8 km wide). The oceanic swell is
attenuated at the passage of the strait by the refraction on the edges and it is diffracted at its exit; it
therefore induces a very weak swell climate compared to the energy regime outside the Bay. Thus,
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while the mean annual wave height is 2.4 m further offshore in the Iroise Sea, in the Bay of Brest, the
mean annual significant wave height value is about 0.25 m (Monbet and Bassoullet, 1989). This
statement is also supported by the example during Bella storm (2020) strongly attenuated in the Bay
(see details in the next chapter). The Bay of Brest is therefore protected by its semi-enclosed
configuration, which is formed since the end of the Oligocene (Fig. 32, Hallegouet et al., 1994). Even if
oceanic waves hardly affect the Bay of Brest, local wind could significantly influence the
hydrodynamics. However, the Bay (~180 km?) has a very particular shape with an irregular coastline
forming straits and coves (Fig. 31), inducing a short fetch (~25 km max, Stéphan et al., 2012). At
present-day, local wind generates waves not higher than 0.8 m except at specific locations (north of
the central area, Beudin, 2014). In the past, the fetch should have been even shorter as the flooded
surface was lower than at present-day.

The main forcings that can significantly influence the hydrodynamics within the Bay of Brest during the
Holocene appear to be tide and rivers. The evolution of those two forcings is thus important to study
hydrodynamics evolution over the Holocene. The two following sections describes these two forcings
during the Holocene in the Bay of Brest.

3.1.2.1 Rivers

The Bay of Brest is fed by several small rivers, separated in six watershed domains: the Aulne,
the Elorn, the Mignonne, the Penfeld, Faou rivier, Crozon river and Plougastel-Daoulas river (Fig. 49).
Rainwater is drained by a watershed with a total surface area of 2645 km2.The Aulne, located in the
south-east and the Elorn, located in the north-east, are the two main rivers (Fig. 49) whose catchments
respectively extend over 1820 km? and 380 km? (Troadec and Le Goff, 1997). Water flow of all rivers is
relatively small. Annual means of river water discharges vary within years between 22 and 30 m3.s?
for the Aulne river, between 6 and 10 m3.s for the Elorn river, and between 0.5 to 1.5 m3.s%, for the
Mignonne river (http://www.hydro.eaufrance.fr/). The concentrations of suspended matter for the
same rivers are approximatively known (from the same source) with respective annual mean values
around 0.2 g.I, 0.1 g.I, 0.08 g.I". Note also that sediment concentrations (suspended matters) coming
from the open sea are unknown over the whole period (present-day included). Those values
correspond to present-day values after many human modifications since the nineteenth century. The
Aulne was particularly anthropized when it was incorporated into the Nantes-Brest canal and many
modifications (dams) were done for navigation needs (Acolas et al., 2006). These values thus need to
be carefully used and changed for pre-industrialisation times.
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Fig. 49: Delimitation of the sub-watersheds of the Bay of Brest (Gregoire, 2016).

For the past, only proxies can give information on the evolution of rivers. In the Bay of Brest,
palynological studies give information about climatic evolution and induced rivers evolution over the
Holocene (Fernane, 2014; Lambert, 2017). These studies gave qualitative clues about the climatic
evolution around the Bay of Brest and highlight three main climatic periods.

The Lower Holocene (11.7 to 8.2 ka BP) is characterised by high summer insolation values and is still
strongly impacted by the presence of continental ice-sheet that developed during the last ice age
(Lambert, 2017). At the beginning of the Holocene (10 ka, BP), the climate was colder than at the
present-day and the runoff was strong due to a weak vegetation (Lambert, 2017). Within that period
the Bay of Brest is a periglacial environment.

The vegetation then gradually grew around the Bay of Brest in connection with a climate warming
during the Holocene climate optimum (between 8.2 to 4.2 ka BP, Koshkarova and Koshkarov, 2004).
That period is associated to an increase of precipitations in Northern Europe (Seppa and Birks, 2001;
Bjune et al., 2005), especially at the beginning of the period (Berger and Guilaine, 2009) and in the
interval 6 - 5 ka (BP, Mojtahid et al., 2013). Penaud et al. (2020) suggest that the stronger humidity is
linked to the North Atlantic Current, which may have amplified seasonal continental humidity in
Western France during the Holocene climatic optimum.

After this climatic optimum, temperatures globally decrease (Berger and Loutre, 1991). This period
also saw an important expansion of agriculture in the region, even if older traces could have been
found (Lambert, 2017). The deforestation due to human activity (agriculture mainly) is getting more
and more important. By replacing forest by fields for agriculture, humans increase the runoff from the
land towards rivers (Lambert, 2017). Precipitation slightly decreases in comparison with the previous
period in Northern Europe (Seppa and Birks, 2001; Bjune et al., 2005).
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Another important parameter for rivers sediment discharge is the rivers profile, which is mostly linked
to sea-level variations. When the sea-level is low, rivers profile are steeper and the potential energy
increases between rivers and the Bay. Thus, we can suppose that rivers display higher sediment
discharge than during high stages.

3.1.2.2 The tide

Tide is the main forcing of the Bay of Brest hydrodynamics at present-day and probably during
all the sediment infilling of the estuary: sea surface variation are due at 99% to tide and hydrodynamic
currents are due at 96% to the tide, at the present-day (Beudin, 2014). The tide is very well described
around Brittany at present-day (atlas of 143 components, SHOM CST-France, Le Roy, R., Simon, B.,
2003). Only few studies explored the variation of the tidal range in response to sea-level evolution
around Brittany. Previous works explored the possible effects on some tidal components of a higher
sea-level (M2, S2, N2, M4, MS4 and MN4, Idier et al., 2017) and of a lower sea-level (M2, Uehara et
al., 2006; Ward et al., 2016, M2+S2, Goslin et al., 2015). Simulations at large time-scale of Uehara et
al. (2006) and Ward et al. (2016) explore the evolution of the M2 component of the tidal spectrum
over the last 16 and 21 ka in the northwest European shelf seas (previous chapter, Figs. 11 and 12).
M2 is usually the main component of the tidal spectrum in strong semi-diurnal regime. The M2
component dominates largely in the Bay of Brest, accounting for 63% of the reconstructed water level
signal and 47% of the current velocity signal (Beudin, 2014). M2 amplitude is around 2 and 2.5 m at
the present-day (Beudin, 2014; Ward et al., 2016), with a frequency of 0,0805114 h (S2 amplitude is
about 0.8 to 1 m and with a frequency of 0,0833333 h'%, Beudin, 2014). The M2 elevation amplitudes
calculated in Ward et al. (2016) at 8 ka are equal to present-day M2 elevation amplitudes, and are
about 0.5 m higher at 10 ka than at present-day, at the NE point of Brittany (about 15 km from the
entrance of the Bay, Fig. 11). In Goslin et al. (2015) the tidal range is modelled for several steps of the
Holocene transgression around Brittany point (Fig. 10), considering a new local sea-level curve
(calculated from sedimentary record, Fig. 29). The tidal range is there calculated from the sum of M2
and S2 components. The results show a comparable tidal range between 6 Ka and the present-day, at
the entrance of the Bay of Brest (Porsmilin). Between 8 and 6 ka (BP) Goslin et al. (2015) showed a
decrease of about 0.5 m in the tidal range at the closest mesh from the entrance of the Bay. Those two
studies display antagonist results, with a tide amplitude (M2 or M2+S2) higher or lower of about 50
cm within 8 - 10 ka (BP) than at the present-day. We therefore assume a constant amplitude of the
tide over the last 9 thousand years.

From previous sections, we have seen that the Bay of Brest displays several metres of Holocene
preserved sediment mean thickness. Sedimentary records cover almost the entire period of the study
(10 ka to the present-day, Gregoire et al., 2017). These sediments are deposited in a macrotidal
environment protected from waves during the whole depositional period (Monbet and Bassoullet,
1989; Hallegouet et al., 1994). Moreover, the Bay of Brest is fed by small rivers and its shape does not
allow the formation of significant wave by local winds (Stéphan et al., 2012; Beudin, 2014). The estuary
is therefore supposed to be largely dominated by tide, which presents a high (and assumed constant)
amplitude over the Holocene (Goslin et al., 2015; Ward et al., 2016). Thus, the study area seems to be
the ideal place to observe and model the evolution of the impact of tidal currents on sediments over
a long period.
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3.2 The modelling strategy

The aim of this study is to explore the impact of tide on sediment deposits in an estuary over
a transgression (10 000 years). Along the coast many forcings drive sediment deposits: wind, waves,
tide and others. The Bay of Brest is chosen for our study because it is macrotidal and naturally
protected from ocean swells throughout its Holocene infill (Monbet and Bassoullet, 1989; Hallegouet
et al., 1994). All rivers flowing into this estuary show a low mean annual water discharge at present-
day (30 m3.s? max) and the tidal influence was observed in all sediment units (Gregoire et al., 2017).
Over the long-term (~10 000 years) only partial records are available in estuaries and many questions
remain concerning their sediment infilling under the action of tidal currents: How do tidal currents
evolve according to long-term parameters, such as sea-level and seafloor variations? What are the
consequences of hydrodynamical evolution on sediment dynamics, in terms of erosion and deposition
patterns, and sediment grain-sizes classes distribution?

The use of numerical modelling is the only way to study the impact of tide on sediment transport and
geomorphology in an estuary over long time-scales if not enough sediment data are available.
Unfortunately, none model is able to reproduce the tide over such a long period of time (~10 000
years). Stratigraphic models, which are mainly diffusive, are not able to take into account such a quick
oscillating phenomenon as the tide without simplification. Too large calculation steps are considered.
Moreover, the effect of 10 000 or 100 000 tides on sediment deposits is unknown. Hydro-sediment
models are the only ones able to reproduce accurately tidal processes and induced sediment dynamics,
but over short time scales (from event to hundreds of years). To overcome this limitation, this study
proposes a methodology to combine sedimentary records and hydro-sedimentary modelling. But, in
order to reach the time-scale of the Holocene transgression (10 ka), the idea is to use hydro-sediment
modelling over key paleoenvironments of a tide-dominated estuary infill, in order to simulate all main
hydro-sediment dynamics variations observed from sedimentary records. It is not possible to run a
continuous hydro-sediment modelling over the entire Holocene. Thus, we propose to identify (with
sedimentary records), generate (with paleoenvironmental reconstruction) and model (with pure
hydrodynamic or hydro-sediment modelling) successive scenarios that will represent the major trends
of the observed sediment dynamics (Fig. 50, see results in Chapters 4 and 5) over the entire Holocene.

Using this approach, our second objective will be to determine if a simplification of the tidal process is
possible; i.e can we define (and how) one or several (synthetic) tides (representative of the most
significant morphological evolution over the estuary), which can be used for long-term numerical
(stratigraphic) modelling (Fig. 50)? (This will be developed in chapter 6).

This work is organised in seven major steps presented in Fig. 50, which are: (1) the interpretation of
sedimentary records (from data and bibliography); (2) the identification of key steps of the estuary
infilling; (3) reconstruction of paleoenvironments corresponding to these key-steps (respective sea-
level heights and seafloor morphologies); (4) tide modelling in function of those paleoenvironments
(i.e. scenarios); (5) sediment transport modelling in function of these scenarios; (6) interpretation of
the tidal impact evolution, by comparing simulations results; (7) determination of main sediment
volume evolution time intervals, and reflexion about how the observed tidal impact into one or several
morphogen(s) tide(s).
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Fig. 50: Workflow describing the main steps realised in our study

3.2.1 Modelling scenarios choice

The first step is to establish paleoenvironmental reconstructions, which includes two key steps:
(i) the choice of the Bay of Brest infill steps (at a specific age) that needs to be simulated and (ii) their
reconstructions. Paleoenvironments are defined as seafloor bathymetry and sea-level at a specific
time. A paleoenvironment needs to be defined for each main significant coastline movements (e.g. the
flooding of a morphological domain) and major (hydro) sediment deposition dynamic changes
(observed from stratigraphic interpretation). The choice of modelling scenarios is very important, as
we will carry out short-term simulations (years) which are supposed to be representative of
hydrodynamic and hydro-sediment trends during periods of the order of thousand years. This
assumption can be made only because a new paleoenvironment is generated for each observed and
assumed change in sediment dynamics. In this way, it is possible to compare simulations results and
sedimentary records. It also allows to discuss triggers of the main hydrodynamic variations and their
implications for stratigraphic interpretation of tide-dominated estuaries.

3.2.1.1 Modelling scenarios choice for the Bay of Brest

The chosen scenarios cover the period 9 ka (BP) to the present-day. The first unit U0 (10-9 ka
cal. BP) is not analysed in this study, because during its deposition the Bay is supposed to be a ria
system. As this study aims to observe the impact of tide on sediment, the study starts at 9 ka, with the
deposition of U1, when the Bay is supposed to be a tide-dominated estuary. Four scenarios are built
to represent major paleoenvironmental changes during U1 (2 scenarios), U2 (1 scenario) and U3 (1
scenario) deposition (Fig. 38). As the three sediment units show different deposition patterns in terms
of thicknesses and grain-size classes distribution, at least 1 scenario is set for each sediment unit.
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During the deposition of the first sediment unit analysed (U1), the rise in sea-level is quick, ranging
from -26 m to -5 m (compared to present-day sea-level). Within that period of time, T2 and then T3
terraces are flooded (Figs. 36 and 51). Two scenarios are set to represent the hydro-sediment dynamics
during U1 deposition. The first scenario aims at reproducing the tidal dynamics at the beginning of U1
deposition. At this time (9 000 years BP), the sea-level was 26 m below the present-day level and the
seafloor correspond to the top of UO (Figs. 38 and 52). In those conditions, the intertidal area is over
T2 terraces and T1 is a subtidal area (Figs. 36 and 51).

The objective of the second scenario is to model the final phase of U1 deposits, around 7 500 years BP
(Fig. 38). At that time, the sea-level is 10 m lower than at the present-day, the intertidal area is over
T3 and T2 is in subtidal area (Figs. 36 and 51). As this scenario aims to represent the last deposits of U1l
and the chronology of the deposits is unknown within 9 ka and 7 ka BP (U1 deposition time interval),
the input bathymetry chosen is the top of this same unit (Figs. 51 and 52). Due to these large sea-level
variations, the Bay of Brest configuration was very different between the beginning and the end of U1
deposition period. Through scenarios 1 and 2, simulations will represent the flooding of T2 and T3
terraces.

During the deposition of U2, the rise in sea-level slows down (-5 m to almost the present-day level, Fig.
35, Goslin et al., 2015). T3 terraces correspond mostly to a subtidal area and few intertidal areas are
present along the coast and towards the rivers mouth (Figs. 36). In addition, no major change is
observed on the seismic data. The goal of the third simulation is to represent hydro-sediment dynamics
inducing U2 deposits. Scenario 3 is set at around 7 000 years cal BP, with a sea-level at -5 m under the
present-day sea-level (Fig. 38). Seafloor morphology corresponds to the top of U1 (Figs. 51 and 52).

The last sediment unit, U3, is also represented by only one scenario. During U3 deposition preserved
sediment thickness is small (mean thickness around 2 m) and the sea-level remains close to the
present-day one (Fig. 38). The basin shape is almost the same within the entire time interval of U3
deposit. Scenario 4 is set at the present-day and aims to represent U3 hydro-sediment dynamic (Fig.
51 and 52). The whole bay is submerged and mostly characterized by subtidal areas (Fig. 36). This
scenario also allows to carry out the validation of the hydrodynamic simulations with comparison to
in-situ measurements.
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3.2.1.2 Palecenvironmental reconstructions

To obtain a bathymetric map for each scenario, the first step is to determine the basement
depths and sediment unit thicknesses over the Bay. Then bathymetric map of each scenario is
successively calculated by adding sediment unit thicknesses. For example, in scenario 1 the seafloor
corresponds to the top of U0 (basement depth + UO thickness). Bathymetric maps are reconstructed
from the interpretation of seismic data (Gregoire et al., 2017), acquired during several cruises (see the
complete list in Gregoire, 2016 and section 3.1.1). Seismic markers depths, recorded in two-way travel
time (TWTT, seconds), are converted to depth (meters) using the velocity law set by Gregoire et al.
(2017). The present-day depth of each seismic marker is calculated using a constant velocity law within
the sediment (1800 m.s) and in the water column (1550 m.s2). Those values are chosen to remain
consistent and comparable with stratigraphic analysis of the Bay of Brest made by Gregoire et al.
(2017). Moreover, thickness maps allow to extract valuable information on sediment units distribution.
Bathymetric maps of the basement and thickness maps of each unit were calculated with GMT
(Generic Mapping Tool, Wessel et al., 2013), using a 50 m spatial interpolation. These maps are finely
meshed (50 m) to prevent over-interpolation of sediment deposits and to have validation data with
the best resolution as possible.

Scenario 1 bathymetry (top UO) is rebuilt by adding UO thickness to the basement map (Fig. 52). U1
thickness is added to the first scenario bathymetric map (Fig. 52, Top UO) and the result is the seafloor
morphology for the second and third scenarios (Fig. 52, Top U1). The present-day morphological map
is created from SHOM's data (Fig. 52, present-day bathymetry). All the maps refer to the present-day
mean sea-level and sea-level variations between simulation are directly implemented into simulations.

Numerical modelling needs bathymetric information at each point of the configuration but seismic
data are not available everywhere within the Bay of Brest and (complete seismic data extension is
available in Fig. 37a). Most of the no data areas are located in very shallow to intertidal areas, where
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no ship was able to perform seismic acquisition. Those shallow areas close to the coast are emerged
during all the scenarios except the present-day situation. We then used the present-day bathymetric
data from the SHOM (2015b) to complete our reconstructed bathymetric maps. This approximation
has therefore no influence on simulations, it is only performed for numerical purposes. Note that, at
the south of Plougastel-Daoulas peninsula, a gas area prevents a clear image of the seismic structures
and seismic markers could not have been interpreted (Gregoire, 2016). For numerical needs, we also
used present-day bathymetric data from the SHOM (2015b) to complete our reconstruction, but the
bathymetry is there likely under-estimated (it appears less deep than it should be).

The main uncertainty about these bathymetric reconstructions is linked to the amount of erosion. No
information is available about the quantity of sediments remobilised by tidal currents during the
deposition of subsequent units, so only the preserved sediments are taken into account here. The
amount of recycled sediment for each unit by subsequent hydrodynamics is therefore the main
uncertainty for our paleoenvironmental reconstructions.
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3.2.3 Numerical modelling

The model used is the coastal hydrodynamic model, MARS3D (Lazure and Dumas, 2008),
coupled with the sediment module MUSTANG (MUd and Sand TrAnsport modelliNG, Le Hir et al., 2011;
Mengual et al., 2017). The hydrodynamic core (MARS3D) computes the hydrodynamic variables
(currents, free surface elevation). It has demonstrated its ability to reproduce the main characteristics
of oceanic flows (tidal amplitude and phase, 3D currents) in several estuaries (e.g. Seine: Grasso et al.,
2018, Gironde: Diaz et al., 2020, Charente: Toublanc et al., 2014, the Bay of Brest: Petton et al., 2020).
The sediment module, MUSTANG, computes sediment transport, erosion and deposition processes
and morphological evolution in coastal and estuarine environments. The simulated sediment dynamics
from MUSTANG has been validated under various environmental coastal forcings like tides, waves,
rivers and (e.g. Diaz et al., 2020; Lemoine and Le Hir, 2021; Mengual et al., 2021). The set-up of
hydrodynamic and hydro-sediment modelling for this study are respectively described in the two next
chapters.

3.2.4 Validation

Validation is one of the main issues for hydrodynamic and hydro-sediment simulations in the
past. Conventional validation is carried out by comparing simulation outputs to in-situ hydrodynamic
and sediment measurements/data. The parameters usually analysed for validation are current
velocities, sea surface heights variations, temperature and salinity. For hydro-sediment simulations
suspended matters concentration fluxes are the most used.

Hydrodynamic simulations (once validated) provide a 3D overview of the hydrodynamics within the
study area. The oldest hydrodynamic data in the Bay of Brest are 300 years old and thus, within the
four scenarios set-up in our methodology, only scenario 4 can be validated in usual way. The present-
day configuration of the Bay of Brest was built by Petton (Pers. Comm). This configuration was used
and validated in previous studies by comparison with different dataset of in-situ measurements
(temperature/salinity and ADCP, Klouch et al., 2016; Petton et al., 2016; Frére et al., 2017; Chataigner,
2018; Petton et al., 2020; Petton et al., 2021). Moreover, a further validation, linking five ADCP
(acoustic Doppler current profiler) is carried out in this PhD (next chapter). All comparisons made
between our simulations at present-day and in-situ measurements give confidence in the model ability
to reproduce the hydrodynamics in the Bay of Brest.

For the three others scenarios (1, 2, 3) no hydrodynamics data exist and hydrodynamic cannot be
directly validated. Simulations outputs are thus compared to sedimentary records for validation. This
comparison is direct for hydro-sediment simulations and is done through potential erosion and
deposition for hydrodynamic simulations. Once validated, hydro-sedimentary simulations provide us
guantitative parameters for past hydrodynamic data. In this study, the global sediment distribution
and the grain-size classes distributions, will be compared to sediment data through the thickness maps
built from stratigraphic record and the lithologic and stratigraphic logs of cores. The ten cores reaching
the oldest units were described. Tab 1 resumes the cores locations, length and simplified grain-size
observations (in four classes, see their position on Fig. 37). The objective of this validation is not to
simulate the observed grain size at the exact pixel of the core location, but rather to validate the global
deposition and erosion trends. We aim to check if simulations can explain sedimentary records. We
expect to simulate a realistic distribution of erosion and deposition zones, and a realistic distribution
of grain-size classes for each successive steps identified over the Holocene hydro-sedimentary history
of the Bay of Brest.

86



4 Hydrodynamic modelling (article)

“Continental Shelf Research”, Published article, 2021

https://doi.org/10.1016/j.csr.2021.104595
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Préface

Cette préface a pour objectif de présenter I'article intitulé : « Numerical Modelling of a
Macrotidal Bay over the Last 9,000 Years : An Interdisciplinary Methodology to Understand the
Influence of Sea-Level Variations on Tidal Currents in the Bay of Brest. », qui a été publié dans le volume
231 paru en décembre 2021 dans Continental Shelf Research.

La méthodologie imaginée pour explorer |’évolution des courants sur de longues périodes nécessite la
mise en place de plusieurs scénarii de modélisation a différentes époques. De longues étapes de
calibration et paramétrisation sont nécessaires pour simuler une hydrodynamique cohérente sur
chacun d’entre eux. Au moins autant d’étapes sont nécessaires pour y implémenter les interactions
avec le sédiment par la suite. Sachant qu’aucune simulation hydro-sédimentaire ne peut étre réalisée
tant que I’hydrodynamique n’est pas simulée convenablement pour chaque scénario, nous avons donc
fait le choix de traiter et publier I’hydrodynamique et la dynamique hydro-sédimentaire en deux
parties.

Cet article présente la mise en place des modélisations hydrodynamiques en rade de Brest au cours
des 9 000 derniéres années. Pour cela il revient notamment sur la méthodologie, la mise en place des
scénarii, leurs reconstructions, ainsi que les forcages considérés. Ce papier présente également le
modele hydrodynamique utilisé (MARS3D) et sa paramétrisation. Comme vu précédemment (chapitre
3) la méthodologie repose sur la comparaison des résultats avec les enregistrements sédimentaires.
Or, avec uniquement la simulation de I’hydrodynamique, aucune comparaison directe n’est possible.
Pour pouvoir réaliser ce point essentiel de la méthodologie, le potentiel d’érosion pour trois classes
granulométriques non-cohésives et le potentiel de dép6t des sédiments cohésifs a été calculé.

Les résultats présentent ’hydrodynamique induite par la marée au cours des 4 scenarios. Dans un
premier temps I’évolution des courants barotropiques est analysée par I'intermédiaire de moyennes
sur un flot et un jusant de vives eaux, ainsi que sur toute I'année avec des percentiles (90). Ensuite, les
courants sur le fond sont analysés grace aux calculs des potentiels d’érosion et de dépot et comparés
aux cartes d’épaisseurs des différentes unités sédimentaires.

La discussion de cet article aborde dans un premier temps les limites des simulations, notamment dues
au manque d’information dans le passé. Ensuite, elle s’axe principalement autour d’une reconstruction
Holocene de I’hydrodynamique en rade de Brest : (1) flot et jusant sont principalement bidirectionnels
et situés sur le chenal principal au début de I'Holocene (9 ka) et se séparent durant le scenario 2 (7.5
ka) au centre et le scénario 3 (7 ka) dans la zone supérieure. Un gyre anticyclonique se forme alors au
centre durant le flot et pendant le jusant les courants les plus intenses se situent au sud du chenal
principal. Dans la zone supérieure, les courants de flots sont toujours majoritairement sur le chenal et
les courants de jusant principalement sur les terrasses les moins profondes. (2) Ces deux changements
de circulation sont trés fortement influencés par les détroits entre Plouzané et la presqu’ile de
Roscanvel, ainsi qu’entre Lanvéoc et Plougastel-Daoulas, qui orientent les flux d’eau (entrant et
sortant). (3) La propagation des courants de marées semble également liée a la montée du niveau
marin par rapport a la surface inondée. Les potentiels d’érosion et dépdts mettent en avant un retrait
vers |'aval des forts courants de marée lors du scénario 3 en comparaison du scénario 2 et une avancée
prononcée vers I'amont lors du scénario 4 (actuel, par rapport au scénario 3). Il semblerait que les
retraits rapides du trait de cote engendrent la migration des dép6ts potentiels (issus des vitesses sur
le fond) vers I'aval (détroit entre Plouzané et la péninsule de Roscanvel). A 'inverse la montée du
niveau marin, sans ou avec peu de recul du trait de cote, engendre une migration vers I'amont (flancs
de I'estuaire et embouchures des rivieres).
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La comparaison, bien qu’indirecte, via les potentiels de dép6t et d’érosion montre la cohérence des
simulations au cours de la reconstruction avec les enregistrements sédimentaires et la pertinence de
cette méthodologie pour étudier les courants de marée sur de longues périodes. Enfin, les apports de
cette méthodologie pour explorer I'évolution hydrodynamique long-terme, en comparaison d’études
et techniques précédentes, sont discutés.
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Abstract

Estuaries play a major role in the transfer of sediments from the continents to the shelves and deep
ocean basins. Their position at the interface between land and sea promotes them as a key area for
the understanding of ocean sediment supply, but yet long-term evolution remains poorly understood.
The main reasons of the lack of knowledge about estuaries filling are the lack of hydrodynamic data in
the past and the temporal application of numerical models. Oceanographers and geologists have
developed numerical models to simulate currents and sedimentation. On one hand, hydro-sediment
models allow a good physical representation of estuarine hydrodynamic processes and their impact
on sedimentation, but only over time-scale spanning years to decades. On the other hand, stratigraphic
diffusive models aim to study the impact of various geological processes on sedimentary basins over
millions of years, but they are unable to describe in detail the tidal hydrodynamic processes that
govern estuaries.

In response to this time-scale issue, this study presents a first step attempt to explore the evolution of
tidal current distribution in relation with Holocene eustatic variations and seafloor evolution. Here we
focus on a macro-tidal estuary, the Bay of Brest, where tidal processes dominate, as the estuary is
naturally protected from ocean swells. This paper aims to set up a methodology to simulate the (past)
tidal currents over a long time period and correlate them with sedimentary data. Major changes in
deposit dynamics are first identified from cores and seismic data, and the corresponding paleo-
topographies and paleo-sea-levels are rebuilt. A process-based hydrodynamic model (MARS3D) is then
used to test the impacts of these paleo-bathymetries on hydrodynamics over a 1-year time span. Four
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scenarios have been considered, representing four key stages of the Holocene transgression in the Bay
of Brest.

The simulated barotropic current distributions were analysed and bottom currents impact on the
seafloor compared with sedimentary records to understand past hydrodynamic context and associated
sediment spatial distribution over geological time scale. Hydrodynamic simulations and sediments
records are linked, in order to propose a reconstruction of the tidal influence on sediments over the
last 9000 years. The results show changes of the tidal patterns related to the paleoenvironmental
evolution (bathymetry and sea-level variations). Even if a hydro-sediment model would be needed to
make a direct correlation between simulated currents and sediment records, this successful
application in the Bay of Brest shows that discontinuous modelling can help to understand tidal current
evolution and their impact on sediment distribution over long periods.

Keywords: Hydrodynamic modelling; Tidal currents; Paleoenvironmental reconstruction; Holocene
sedimentation; Erosion and deposition potential indexes

4.1. Introduction

Past estuarine sedimentary systems remain poorly understood, yet they are key areas in the
global understanding of sedimentary dynamics. Estuaries are located at the interface between rivers
and ocean basins and represent a key link between the source and sink in a source-to-sink approach.
As complex and always changing environments, for example regarding their salinity characteristics,
they host a specific type of biodiversity. The very heterogeneous petrophysical properties of tidal
sedimentary rocks in these environments, the abundance of life, organic matter and specific
morphology such as incised valleys can make them excellent petroleum systems (Posamentier and
Allen, 1993; Dalrymple, 2010). Besides the resource aspect, within the context of Holocene
deglaciation and sea-level rise, the action of tidal currents is expected to change significantly along and
over the coastline. Understanding the influence of the sea-level and the bathymetry on tides over a
rather long period of time (9 ka) is therefore important in both past and future contexts. It appears
that there are mainly two ways to explore changes in tidal circulation: a detailed study of the
sedimentary record, which is an indirect approach, or numerical modelling. This last option is vast, as
several types of modelling are available to study geomorphological changes in coastal areas.

For geological time-scales (more than 1 ka), stratigraphic models are the most popular. Stratigraphic
models use a deterministic approach based on diffusion, which is the only approach allowing the
simulation of the filling of sedimentary basins at the time and space scales considered in geology. They
aim to simulate the synthetic result of geological processes over millions of years (Granjeon and
Joseph, 1999; Bruneau et al., 2017; Crombez et al., 2017). They deal with the results of long-term
processes such as subsidence or tectonic movements and, as they are not based on high resolution
processes, their computational costs are rather small. Thus, due to the high frequency oscillations of
tidal processes, stratigraphic models do not consider explicitly tidal processes and at present-day, they
are unable to simulate the residual effect of tides over long time periods.

On another side, oceanographers have developed hydrodynamic and hydro-sediment models based
on the resolution of physical processes, which allow to study the hydrodynamic effects on
sedimentation at very fine spatial scale (meter), but only over short-time periods (from hours to
decades, e.g. Barcena et al., 2016; Grasso and Le Hir, 2019; Tosic et al., 2019). As they are based on
the physical representation of processes that evolve rapidly (wind-induced and tidal currents, wave
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regimes, density-induced flows, erosion, deposition, bedload or suspended sediment transport), the
calculation steps are very short (~10 s). The computational time of hydro-sediment models doesn't
allow to simulate periods longer than 10 years, unless simplifications of the integration of the time-
consuming processes are made. In Cayocca (2000) for example, tidal currents computation is simplified
(annual mean) to simulate the last 300 years of the coastal evolution of Arcachon lagoon. The
morphological evolutions of nearshore basins are most often approached by the so-called "reduced
complexity models". It is an important topic for society but complex for researchers, because it mixes
processes in the order of 1 s with others in the order of one hundred years. Many techniques have
been developed to simulate this type of environment, a synthesis of these techniques is proposed by
Roelvink (2006). The most used technique is to run hydro-sediment models with a morphological
factor. The principle is to apply a multiplicative factor for erosion and deposition processes estimated
by a hydro-sediment model (Franz et al., 2017; Le Tu et al., 2019; Elmilady et al., 2020). Usually, this
technic does not exceed 100 years. However, some studies used much larger factors (400 in Braat et
al., 2017) to explore morphological evolution over longer time scales.

Because of the different time and space scales they deal with, these two types of models are not used
for the same purposes (Joseph et al., 2016). The upscaling of coastal processes representation is the
key to understand many depositional systems, but they are ruled by the interaction of many processes
such as waves, river flows, tides and storm events. The predominance of a particular process is linked
to the configuration of the coast and many places have been described as tide-dominated coasts (Choi
and Dalrymple, 2004; Tessier, 2012; Zhang et al., 2017). Long term deposits in this type of environment
are not easily simulated, hydro-sediment models are not able to provide results over geological time
scale. On the other hand, stratigraphic models cannot simulate the detailed highly variable tidal
hydrodynamic processes. Here, we propose to combine sedimentology, physics, and numerical
modelling to explore the influence of the paleoenvironmental evolution (defined as bathymetry and
sea-level variations) on the distribution and characteristics of tidal currents. From a geological point of
view, we aim to understand how tides impact sediment deposits distribution and how it changes with
paleoenvironmental evolution (seafloor morphology, sea-level variations). However, it is a difficult
challenge to address, as we have no direct data on hydrodynamic characteristics dating back more
than 300 years.

The idea is to rebuild paleoenvironments and model the associated tide oscillations. Wells et al.
(2007b; 2007a) used the model ICOM (Imperial College Ocean Modelling) during 30 days in order to
study the tidal distribution during a high sea-level period (highstand) and an early stage of a
transgression (late Pennsylvanian, 298.9 to 323.2 Ma). Tidal reconstructions at a global scale were also
performed for the Aptian (125 Ma to 113 Ma, Wells et al., 2010). Those pioneering works led to many
other studies to model the tide in the past with the model ICOM and even to correlate these
simulations with sedimentary deposits by calculating the bed shear stress (Cretaceous, Bohemian
basin, Mitchell et al., 2010; late Oligocene-Miocene, South China Sea, Collins et al., 2018). All those
studies considered only the tide in hydrodynamic calculations. The approach proposed and the
reconstructions provided by Imperial College are major advances in the understanding of the
paleoenvironment influence on past tides and their subsequent impact on sedimentation at large
spatial (sedimentary basin to global) and temporal (about 10-50 Ma) scales.

In this study, four paleoenvironments are generated to represent tidal evolution during Holocene
period in the Bay of Brest (France). The paper is structured as follows. After introduction, section 4.2
(Study area context) describes the Bay of Brest, its geological setting, our knowledge of the present-
day hydrodynamic context and its Holocene history. Section 4.3 (Methods) describes the model used
with its parameterisation, the setting up of the scenarios and potential erosion and deposition indexes.
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Hydrodynamics influence on sedimentation evolution linked with the rise of sea-level and seafloor
changes is detailed in section 4.4 (Results). These results are then discussed in section 4.5 and the main
conclusions and perspectives are drawn up in section 4.6.

4.2. The study area: the Bay of Brest
4.2.1. Geological description

The shape of the Bay of Brest is a consequence of three major orogenic episodes creating the
Pentevrian (2 Ga to 750 Ma), Cadomian (600-530 Ma) and Hercynean (380-250 Ma) chains (Ballévre
et al., 2009; 2014). The Hercynian chain was divided into different provinces, separated from each
other by faults and grinding zones. The North Armorican Shear crosses the study area and formed the
bed of the Elorn river and the strait between Plouzané and the Roscanvel peninsula, named the
“Goulet” (Fig. 1).
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Fig. 53: Bathymetric map of the Bay of Brest basement relative to the present-day mean sea-level. The inset-map, modified
from SHOM (2015a), shows the tidal range of an exceptional spring tide (tidal range between 7.5 and 8 m). T1: main
channel. T2: first terraces stage. T3: the shallowest terraces.

During the tertiary era the Bay of Brest emerged several times, because of glacio-eustatic movements
and the basement was eroded by paleo-rivers during low sea-level stages (Hallegouet et al., 1994). It
resulted in three morphological domains (Fig. 53, Fig. 54): T1 is the main channel, where paleo-rivers
flowed; T2 consists of the first stage of terraces, above T1; T3 corresponds to the shallowest terraces
close to the present-day shoreline, localized in sheltered coves and bays. A network of secondary
channels within T2 and T3 connects these domains to the main channel (T1). More details on the
geomorphology of the Bay of Brest are provided in Gregoire et al. (2016).
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the shallowest terraces.

The 180 km2 bay can be divided in two parts. The central part has its limits at two straits, the first
formed between Plouzane and Roscanvel and the second between Lanveoc and Daoulas peninsula
(Fig. 53). The upper part (can be named inner zone too) is at the east of the strait between Lanvéoc
and Daoulas peninsula (Fig. 53). The outer zone corresponds to the Iroise sea and is not analysed in
this study.

4.2.2. Hydrodynamic characteristic of the Bay of Brest

The Bay of Brest is classified as a macrotidal system (Fig. 53). The mean spring tidal range is 5.9
m and the mean neap tidal range is 2.80 m in Brest harbour (Beudin, 2014). The Bay is protected from
oceanic waves thanks to the strait between Plouzané and Roscanvel peninsula. This strait is 1.8 km
wide connecting the Iroise sea and the Bay of Brest. The semi-enclosed configuration of the Bay of
Brest induces a very weak swell climate compared to the energy regime outside the Bay. Indeed, the
swell is attenuated at the passage of the strait by the refraction on the edges and is diffracted at its
exit. Thus, while the mean annual wave height is 2.4 m further offshore in the Iroise Sea, in the port of
Brest, the mean annual significant wave height value is about 0.25 m (Monbet and Bassoullet, 1989).
This statement is supported by the example of the Bella storm, which exposed the Iroise Sea to swells
of almost 10 m and at the same time the Bay of Brest suffered waves of less than 1 m (Fig. 55a and
55b). Under classic forcing (waves from WSW, max 3 m in the lroise Sea and 33 km/h wind from the
NE, Fig. 55c) the Bay of Brest experiences waves around 0.22m (mean, Fig. 55d). In the latter case, the
wave orientation in the Bay clearly indicates that it is forced by the NE wind. Even if the wind sea takes
over the ocean swell inside the Bay, wind remains a minor forcing because of the short fetch of the
Bay of Brest (~25 km max, Stéphan et al., 2012). This particular configuration allows us to focus on the
tidal dynamic.
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Fig. 55: Significant wave height in the Iroise Sea (a and c) and in the Bay of Brest (b and d). a and b are screen shot at 2 p.m.
on 28/12/2020 during the Bella storm (wind: 40 km/h from NW, waves: from WSW). ¢ and d are screen shot at 11 a.m. on
25/04/2021 (wind of 33 km/h from NE, waves from WSW), which represent a usual forcing over French Brittany coast. Data
and illustrations from the marc operational forecast system (see website: http://marc.ifremer.fr/).

4.2.3. Holocene history

During the last deglaciation, the sea-level rose quickly at the beginning of the Holocene in
Brittany and gradually slowed down until it reaches today's level (Goslin et al., 2015). During the rise
of sea-level in the Bay of Brest, four sedimentary units were deposited: U0, U1, U2 and U3 (Gregoire,
2016). The Holocene story of the Bay of Brest started with a mean sea-level 35 m lower than today. At
this time (10 000 years ago) only the main channel was submerged (T1). Unit UO was deposited at this
time and was mainly composed of coarse continental sediments. Unfortunately, no samples could have
been taken from this unit, so this interpretation relies only on seismic facies (Gregoire et al., 2017).

At 9000 years cal BP, sea-level reached -26 m from the present-day level, resulting in water
submersion on T2 terraces (intertidal area, Fig. 57). This age marked the start of U1 deposition (Fig.
56). The sea-level rise was rapid during the deposition of U1 and at 7500 years cal BP, the sea-level
exceeded the elevation of most of the T3 terraces, placing them in the intertidal area (Fig. 57). During
the interval 9000—7000 years cal BP (Unit 1 deposition), most of deposits were muddy and preserved
in the T3 domain. No deposit was preserved on T2 and only three patches were recorded in the main
channel, two in the central part and the thinnest between Lanvéoc and Daoulas Peninsula (Gregoire
et al., 2017, and Fig. 58 below).
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Fig. 56: Stratigraphic log of the Holocene period in the Bay of Brest (modified from Gregoire, 2016). The vertical scale varies
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Fig. 57: Top U0 bathymetric section relative to the present-day mean sea-level. Red lines represent the mean sea-level at 9
000, 7 500 and 7 000 years cal BP.
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Fig. 58: Thickness maps of sedimentary units UO to U3 (vertical seismic resolution around 1m) reconstructed with GMT from
seismic interpretations of Gregoire (2016).

The beginning of the U2 deposit was estimated at around 7000 years cal. BP with a sea-level of -5 m
relative to the present one (Fig. 56, Fig. 57). The water level rose gradually over the interval 7000—-3000
years cal. BP until it reached the current sea-level. The MFS (Maximum Flooding Surface), set ~3000
years cal. BP correspond thus to the top of the transgressive U2 (Fig. 58). U2 is interpreted as mainly
cohesive sediments on T3 and sandy sediments in the main channel (Gregoire, 2016). No information
is available for the sediment's nature present over few areas of T2.

The more recent sedimentary unit, U3, started ~2000 years cal. BP and is still active now (Fig. 56).
Deposits related to U3 take place over the MFS surface. They are present over all morphological
domains and exceed 5 m in thickness only on rare occasions in the main channel and on T2 terraces
(Fig. 58). The map of the present-day sedimentary cover of the Bay of Brest (Gregoire, 2016) shows
coarse sands and gravels over T2 at the north of the central area of the Bay and sands at the south.
The main channel shows all sizes of sand and the T3 terraces mainly mud. The upper zone is composed
of finer sediments, described as a mixture of sand and mud.

4.3. Methodology and tools

The challenge is to rebuild key stages of the paleoenvironmental evolution and run
hydrodynamical simulations with the resulting past bathymetries to explore the associated
hydrodynamics and its impact on sediment distribution. First, the model and its setup are described in
part 3.1. Then, the chosen periods that represent the key steps of the paleoenvironmental Holocene
evolution of the study area are presented (part 3.2). The method to rebuild these paleoenvironments
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(each defined by their specific bathymetry and sea-level) is explained in part 3.3. Finally, a potential
erosion and a potential deposition index are proposed to help correlation between sediment deposits
and simulated bottom currents (see 3.4).

4.3.1. The hydrodynamic model (MARS3D)

The code used for this study is the model of coastal hydrodynamics MARS3D (Lazure and
Dumas, 2008). It is a finite-difference 3D code that computes tide propagation and associated currents
from the resolution of the primitive equations using the hydrostatic equilibrium hypothesis and
Boussinesq approximation. It is written in spherical coordinates for the horizontal and sigma
coordinates for the vertical.

The Bay of Brest configuration for the present-day is issued by Petton (Pers. Comm). A horizontal
Cartesian mesh of 250 m x 250 m is used. We assume some uncertainties in the geological data, in
particular linked to sea-level variations, seismic interpretation and seismic covering (Goslin et al., 2015;
Gregoire, 2016). A grid finer than 250 m would not be justified compared to our data set and their
uncertainties. We look only at major hydrodynamic patterns and finer mesh size is not needed. The
water column is vertically discretized into 20 levels to simulate properly the bottom currents (useful in
the potential erosion and potential deposition indexes computation, see section 3.4).

The bed roughness distribution is taken uniform over the entire area. Indeed, since the sediment cover
is unknown for the past stages in the Bay of Brest, the choice of a uniform roughness length helps not
to produce misleading circulation with a badly validated parameterization and facilitate the
comparison between the scenarios. It is set constant and equal to 3.35 mm from the Nikuradse
formulation using an average grain diameter of 500 um, which corresponds to the present-day
observations and past stage (cores observations from Gregoire, 2016).

The simulations are run with realistic tides over the year 2014 for each selected combination of
bathymetry and sea-level. The choice of the year 2014 is motivated by the availability of the validation
(tidal gauge, 5 ADCP) and input data (river discharge, tidal spectrum) for that period.

The hydrodynamic circulation model is forced at the western and southern marine boundaries by the
entire tidal spectrum (143 components) extracted from the SHOM CST-France (Le Roy and Simon
2003), for each stage simulated. To study tidal currents over paleoenvironments the spectrum could
be simplified, however the present-day configuration of the Bay of Brest used in other studies is
already validated with the full spectrum only. The tide is very well described around Brittany at present
time (atlas of 143 components). However, few data are available for different sea-level around Brittany
and especially in the past. Previous works explored the possible effects on some tidal components of
a higher sea-level (M2, S2, N2, M4, MS4 and MN4, Idier et al., 2017) and of a lower sea-level (M2,
Uehara et al., 2006; Ward et al., 2016 and paleo-tidal ranges, Goslin et al., 2015). The simulations at
large scale of Uehara et al. (2006) and Ward et al. (2016) explore the evolution of the M2 component
of the tidal spectrum over the last 16 and 21 thousand years in the northwest European shelf seas. The
M2 elevation amplitudes calculated in Ward et al. (2016) are equal at 0 ka and at 8 ka (between 2 and
2.5m, Beudin, 2014; Ward et al., 2016). Goslin et al., 2015 also show an equivalent tidal range between
the present-day and 6 ka, for the Porsmilin site (7 km from the entrance of the Bay). Ward et al. (2016)
reveals that M2 elevation amplitude is about 0.5 m higher at 10 ka than at present-day, at the NE point
of Brittany (about 15 km from the entrance of the Bay). A harmonic decomposition is performed for
the Bay of Brest and reveals that the M2 component dominates in the Bay of Brest. Its amplitude is
about two times higher than S2 (ellipsis available in supplementary material, and Beudin, 2014). Tidal
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component analysis is not developed in this study that focuses on the evolution of tidal currents
distribution and its impact on the seafloor. Even if the harmonic decomposition analysis is not
developed in this study, it allows to consider an equal forcing in all the scenarios (comprise between
9000 years cal BP and the present-day). M2 amplitude is under estimated by 0.25 m at 9000 years cal
BP (mean between 8 and 10 ka), this is considered acceptable in comparison to other set-up hypothesis
(uniform bed roughness, river discharges) and data uncertainties (seismic Gregoire, 2016, sea-level
Goslin et al., 2015). Furthermore, Goslin et al., 2015 show a decrease in the tidal range at the entrance
of the Bay of Brest of about 30 to 50 cm between 6 ka and 8 ka. Following those simulations, the tide
would be rather underestimated for the oldest scenario in this study.

The model is also forced by daily flows of the main rivers: Aulne, Elorn and Mignonne (mean flow in
2014: 30 m3/s, 10 m3/s, 1.5 m3/s). The real flow for the year 2014 is used thanks to the data of the
DREAL Bretagne (Regional Directorate for the Environment, Planning and Housing,
http://www.hydro.eaufrance.fr/).

This configuration of the Bay of Brest was validated and used in other studies (Klouch et al., 2016; Frere
et al.,, 2017; Petton et al., 2020) and also compared to various datasets (temperature/salinity and
ADCP, Petton et al., 2016; 2021). It has demonstrated its ability to reproduce the main characteristics
of oceanic flows (tidal amplitude and phase, 3D currents). A further validation is available in the
supplementary material of this paper. It concerns currents velocity compared to 5 ADCP (over October
2014 Petton et al., 2016, and on July 16, 2014) and water height compared to Brest harbour's tidal
gauge over the whole year 2014. The comparison to hydrodynamic data is possible only for present-
day, because of the lack of hydro dynamical data for the past.

4.3.2. Modelling scenarios

We generate a modelling scenario for each sedimentary unit, but U0 environmental context
cannot be represented. We do not have enough information about it (no sample and no indication
about the age of the layer base) and the mesh size of the grid (250 m) is often larger than the flooded
area during this period. On the other hand, the immersion of the different morphological domains is
an important paleoenvironmental change that must be simulated. Therefore, four scenarios are built
corresponding to major paleoenvironmental changes between the periods of U1 (2 scenarios), U2 (1
scenario) and U3 (1 scenario) deposits.

The first scenario aims at reproducing the tidal dynamics at the beginning of U1 deposits. At this time
(9000 years cal BP), the sea-level was —26 m below the present-day level. The bathymetry corresponds
to the top of the U0 unit. T2 was in an intertidal domain and T1 was in a subtidal area (Fig. 57).

The objective of the second scenario is to model the final phase of U1 deposits, around 7500 years cal
BP The sea-level rose quickly at the beginning of the Holocene from -26m to -5 m. Due to these large
sea-level variations, the context was very different throughout the deposit period of U1. In this second
scenario, with a sea-level 10 m lower than the present-day, T3 was located in an intertidal area
whereas T2 was in a subtidal area. As this scenario aims to represent the terminal deposits of U1l and
the chronology of the deposits is unknown within 9 ka and 7 ka cal. BP (U1 deposit period), the input
bathymetry chosen is the top of the same unit (Figs. 56 and 57).

The goal of the third simulation is to represent U2 deposit period. The third scenario was run at around
7000 years cal. BP, with a sea-level at -5 m under the present-day level. Seafloor morphology at this
time corresponded also to U1 top morphology. The sea-level rose only by 5 m during U2 period, and
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no major change was observed on the seismic data. So, only one scenario was built during the U2
deposit (Figs. 56 and 57).

The purpose of the fourth scenario is to reproduce the present-day context. The whole bay is
submerged and mostly characterized by subtidal areas. The aim is to represent U3 dynamics which is
still active at present day (Fig. 56).

4.3.3. Paleo-bathymetric reconstructions

The paleo-bathymetric reconstructions are based on seismic data collected during several
cruises (see the complete list in Gregoire, 2016). The present-day depth of each seismic marker is
calculated from the interpretation of the seismic data (Gregoire et al., 2017). Seismic depths in two-
way travel time (seconds) is converted to depth (metres) by applying a constant velocity law in the
sediment (1800 m/s) and in the water column (1550 m/s) to be consistent with previous studies
(Gregoire et al., 2017). Bathymetric maps of the basement and thickness maps of each unit were
calculated with GMT (Generic Mapping Tool), using a 50 m spatial interpolation. The geological maps
are finely meshed (50m) to prevent over-interpolation of sedimentary deposits. Wider interpolation
would change the depositional boundary and the objective is to keep our validation data at the best
possible resolution. These maps are then combined with the seabed present-day bathymetric data
from the SHOM (2015b) to complete areas where no seismic data were available (the seismic data
extension is available in Gregoire et al., 2017). Most of these areas are located in very shallow to
intertidal areas, where no ship was able to perform seismic acquisition. So, they are emerged during
all the scenarios except the present-day situation. This approximation has no influence on the
simulated circulation in the Bay of Brest, it is only performed for numerical purposes. Only in one place
bathymetry is overestimated, because gas prevents a proper seismic acquisition and the sediment
deposits could not be interpreted. It is located on T3 terraces at the south of the Daoulas peninsula,
close to the mouth of the Mignonne River (Fig. 59).
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Fig. 59: Bathymetric maps of the top of U0, U1 and U3, relative to the present-day sea-level. Red lines represent the
superimposed boundaries of the morphological domains of the basement map (Fig. 53).
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U0 thickness is added to the basement map (Fig. 53) to generate seafloor bathymetry for scenario 1
(Fig. 59, Top U0). U1 thickness is added to the first scenario bathymetric map (UO top, Fig. 59) and the
result is the seafloor morphology for the second and third scenarios (Fig. 59, Top U1). The present-day
morphological map is created from SHOM's data (Fig. 59, present-day bathymetry). The boundaries of
the T1, T2, T3 domains (Fig. 53) are superimposed to each bathymetric map to allow us to see that
these domains evolved slightly with sedimentary deposits, during the Holocene transgression.

4.3.4 Potential index calculation

Two different methodologies are used to observe the influence of simulated bottom currents
on the seafloor. It seems important to separate sand and mud because of the different behaviour of
these two types of sediments. We perform an erosion potential index for non-cohesive sediments (see
details below 4.3.4.1). As far as sands are concerned, most of the transport is realised by bedload or
saltation (suspension phases are very short), so that no sand can be transported if there is no erosion
zone nearby. It is therefore justified to look at potential erosion areas, which reveal the areas where
non-cohesive sediments are potentially transported.

Fine particles can be transported in suspension for a long time, and their presence on the bed depends
on the probability of deposition, more than on erosion possibility. This is especially true as deposited
cohesive sediments are likely to be consolidated and hardly erodible after significant time. Thus, we
calculated a potential deposition index (see details below 4.3.4.2) for cohesive sediments.

4.3.4.1. Potential erosion index

Non-cohesive sediments are characterized by a high settling rate and therefore settles right
next to the areas where the stress is strong enough to trigger their reworking (depending on the size
of the grain). To account for the variability of the stresses likely to displace a given sediment as a
function of tidal range, Cognat (2019) proposed to calculate a potential erosion index that is
characteristic of this grain size. This index is constructed as the integral over time of the a-dimensional
shear excess. The a-dimensional shear excess is expressed as F. It stands for the excess of tidal current
shear stress (tx) relative to the critical bed shear stress linked to the grain-size classes of sediments

(Te).

Eq. 3: F=['f®) (1)

With f(t)=0if tx(t) < 7,

F©=(L2) = 1if10(0) > 7.

c

To determine the potential erosion index, it is therefore necessary to know the critical shear stress for
each particle size class (7.) and the shear stress (z¢) at each time step (Eq. 4).
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Eq. 4: Tp(t) = pwar * u?(t) (2)

Where p,,; is the water density, fixed and equal to 1023 kg.m3 and u* is the friction velocity at t (Eq.
5). The friction velocity is deduced from an assumed logarithmic velocity profile near the bed, and can
be computed from the near bottom velocity provided by the numerical model and a skin roughness
length zO0.

x _ KUpor(t)
Eq. 5: U = (3)
In (Z5)

With K constant of Karman equal to 0.4, z0 the skin roughness taken uniform and equal to 0.001 m. z
represents the elevation where the bottom velocity Uy, is simulated, equal to the half of the bottom
sigma layer. The critical shear stress (z.), needs to be determined for various granulometric classes.
The grain-size classes were estimated from previous work (Gregoire, 2016) and the study of about 10
core samples. Four sedimentary classes are selected D = 0,0030 m ; 0,0011 m; 0,0002 m and 0,000015
m. For non-cohesive sediments, the critical shear stress (z.) for erosion is deduced from the Soulsby
(1997) expression of the critical mobility parameter introduced by Shields (1936), based on
experimental results. The mobility parameter 8 represents the ratio between the flow-induced shear
stress and the weight of sand particle in water:

ux? T

Eq. 6: 0= (s-DgD _ p(s—1)gD

Where g is gravity acceleration, D is the particle size, s the relative density of particles in water s =
Psediment/ Pwat and the critical mobility parameter of such particles is determined with Soulsby (1997)
equation:

0.3

Eq. 7: O = 1+1.2D*

+0.055[1 — exp(—0.02D")] (5)

where the non-dimensional diameter D* is deduced from the diameter D:

(s—1g

1
v2 ]2

D* = D|

Where v is the kinematic viscosity of water.
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Using equation (6), the critical shear stress is deduced from 6.. The process is repeated for the three
different particle sizes: D=0,0030 m ; 0,0011 m ; 0,0002 m. 7. is calculated for each with Eq. 4 and the
values obtained are presented in Tab. 2.

Tab. 2:u; and t. parameter for each grain-size classes

Gravel 3 mm Sand 1.1 mm Fine sand 200 yum | Mud 15 um (3.4.2)
uy (m.s?) 0.045 0.023 0.012 -
7. (Pa) 2.072 0.541 0.147 0.1

The potential erosion index F stands for the excess of bed shear stress compared to those values (7,
Tab. 2) and therefore represents the ability of tidal currents to rework and transport gravel, sand and
fine sand from the seafloor.

4.3.4.2 Potential deposition index

The deposition potential index for cohesive sediments is based on a kind of "symmetric"
concept. It represents the integral over time of the probability of mud deposition, following the
concept introduced by Krone (1962): the (net) deposition rate of a cohesive sediment is proportional
to the probability that a depositing sediment is not re-entrained by near-bottom turbulence,
represented by the bed shear stress. Krone (1962) suggests a critical shear stress for mud deposition
Td, above which deposition does not occur. The probability of deposition P(dep) reads:

P(dep) = 1-1/14, for T < T4, and =0 for T > Tg.

By this way, the potential deposition index can be computed for each mesh over the simulation (Eqg.
8).

Eq. 8: F = Yi—o(f(©) (7)

With f(t) =0if tz(t) = 14

F©=(1-L2)if () <7,

Td

According to literature, 7, is in the order of 0.1 Pa for fresh (depositing) mud.

4.4 Results

All the results presented in this study intend to show the tidal currents distribution during the
Holocene transgression. In order to discuss tidal impact on sediment movements, both depth-
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averaged velocity (4.1) and potential transport and deposition indices (4.2) are studied. The first
subsection (4.1) aims to describe the ebb and flood tide barotropic currents. Currents directions
evolution resulting from sea-level rise is analysed first. Then a percentile 90 is also calculated over one
year to analyse the shift of the strongest ebb and flood barotropic currents between different scenarios
and therefore try to interpret the evolution through time of the main likely sediment transfer zone
within the Bay of Brest. The second subsection shows the potential erosion and deposition index
calculated over one year. It allows to decipher where and how tidal near-bottom currents play and
have played a major influence on the sedimentation/erosion couple (4.2).

4.4.1. Ebb and flood tide evolution

The results presented correspond to a mean over one flood and one ebb of maximum spring
tides. We seek to highlight the changes in barotropic current directions between the different
scenarios. Other analyses during neap or medium tides revealed similar directions with less intensity
and a smaller spatial extension in general. Strongest currents (characterized by the largest spatial
extension and the strongest velocities) will likely trigger much more (or of higher amplitudes) erosion
or deposition processes. It is therefore more interesting to observe trends of a spring tide cycle.

During the first scenario (9000 years cal BP), ebb and flood tidal currents show the same patterns: they
are confined in the deepest part of the Bay in the main channel T1 (Figs. 60a and 61a). Ebb and flood
display the same orientation and therefore currents are almost only bidirectional.
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1500 years later, the sea-level has risen by 16 m, the flow of the ebb and flood tides is function of the
coastline morphology. In the centre of the Bay, straits (between Plouzané and Roscanvel peninsula and
between Daoulas Peninsula and Lanvéoc) concentrate tidal energy and force the flood to flow through
the north of the main channel and the ebb southwards of the central zone (Figs. 60b and 61b). In both
cases, these water flows form an anticyclonic gyre, which is twice faster during flood than during ebb
tide (Figs. 60b and 61n: 0.2—0.3 and 0.1 m/s respectively). The ebb and flood currents remain confined
within the main channel in the upper zone of the Bay of Brest (upstream of the strait between Daoulas
Peninsula and Lanvéoc), which is shallower than in the centre (T1 = 30—40 m in the centre and 20-30
m in the upper area, with a present-day sea-level). As T2 extension is smaller and smaller toward the
Aulne mouth, T1 represents most of the subtidal domain in the upper area. The transition from the
(very flat) T2 terraces into subtidal domain allows the tidal currents to extend over a much larger area.
The new larger extension of T2 terraces permits the ebb and flood currents to propagate over different
locations in the central zone (flood tide over T2 at the north and ebb tide over T2 and T1 at south) and
form structures like the gyres.

In the third scenario (7000 years cal BP), ebb and flood directions are similar to scenario 2 in the centre
of the Bay. The gyre grows in the centre and shows higher velocity during flood tide (0.3 m/s, for the
southern part of the gyre, Fig. 60c). The major changes occur in the upper part: water flows are no
longer confined within T1 domain after the strait between Daoulas Peninsula and Lanvéoc (Figs. 60c
and 61c). Here T3 is located in the subtidal area, which allows ebb tide currents to expand over the
entire upper zone. Orientation of the flood is triggered by the strait morphology between Lanvéoc and
Daoulas peninsula and keeps a spatial distribution mostly over T1 and T2. Ebb and flood current
propagate over different locations in the upper zone: flood tide flows to the East over T1 and T2 and
Ebb tide flows to the West all over the area. This is due to the same process as the one observed in the
centre of the Bay during the scenario 2: an initial flat and large intertidal domain (around 2 and 3 km
for terraces in the Bay of Brest) becomes the shallowest subtidal domain.

105



In the fourth scenario (present-day), ebb and flood tides directions and distributions are similar to
those simulated in scenario 3. The size of the gyre at flood tide and the associated velocity are higher
than in the previous context (0.3—0.4 m/s, for the southern part of the gyre, Fig. 60d). The gyre at flood
tide becomes progressively wider and faster during the Holocene. Besides, the size of the gyre of ebb
tide evolves very little during the same period and remains conversely slow. The increasing depth over
the terraces allows to demarcate ebb and flood tide currents distribution. Ebb tide shows similar
vectors over the entire upper zone (Fig. 61d) while flood direction remains to the East, mainly localized
over T1, oriented by the strait between Daoulas peninsula and Lanvéoc (Figs. 60d and 61d). Even if the
water depth has increased by 5 m compared to the previous scenario, the submerged area is almost
identical. This leads to greater flooding upstream (higher tidal flow) and stronger tidal currents further
upstream towards the Aulne and the Elorn rivers than in the previous scenario (Figs. 60d and 61d).

An analysis of currents direction during the river flooding event in February 2014 is performed to check
if rivers flows may have also influenced these patterns. We try to quantify how far the Aulne river flow
influenced the oscillating velocity signal corresponding to the tide from the river mouth (Figs. 60 and
61). This flooding occurred during neap and mid-tide cycles. The Aulne water discharge induces a
downstream flow during flood tide 9 km downstream of the river mouth in scenario 1 and 11 km
upstream during scenario 4 (Figs. 60 and 61). The present-day Aulne river flow is approximately three
times stronger than the Elorn one. We thus infer that, as even a mega flood does not seem to compete
with tide imprints (a fortiori during neap or middle tide), the rivers influence on the hydrodynamics
inside the Bay are weak compared to tidal impacts.

In order to understand the evolution of the areas under the influence of high barotropic ebb and flood
tides, the 90 percentile is computed for each of them and for each scenario. The 90 percentile helps
to look at the tidal current's maximum extent over the entire simulation and enables to remove
potential excessive values. The objective is to identify the major changes in potential sediment transfer
zones, with the analyse of the evolution of strongest currents over morphological domains between
scenarios.

In scenario 1 (9000 years cal BP), the strongest currents (0.6 to more than 1 m/s) are located over T1.
Ebb and food tides currents are located in the same places (Figs. 62a and 62b). Therefore, suspended
matter transfer likely occurs mainly over T1.
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Fig. 62: Percentiles 90 of barotropic currents over one year, for ebb (a, ¢, e, g) and flood (b, d, f, h) tides during each
scenario. The level Om represents the mean sea-level of the scenario and red lines are the limits of the morphological
domains.

In scenario 2 (7 500 years cal. BP), strongest currents (0.4-0.8 m/s, less strong than previously) extend
to T2 in the centre of the Bay. Strong flood tide currents are visible over the entire T2 terraces with
higher velocity at the north of the main channel (Fig. 62d). Strong ebb tide currents are observed south
of the central zone over T1 and T2 (0.4—0.8 m/s, Fig. 62c). Most of the potential suspended sediment
transport therefore shifts from T1 in scenario 1 to T2 in scenario 2. Upstream of the strait between
Daoulas Peninsula and Lanvéoc, strongest velocities of ebb and flood tides are mainly localized over
T1 and in secondary channels that connect T3 and T1 (0.4-0.7 m/s, Figs. 62c and 62d).
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In scenario 3 (7000 years cal BP), the locations of high intensity of ebb and flood tides areas are similar
to those of the previous scenario (0.4—0.8 m/s, in the centre of the Bay), but their extents are slightly
larger (Fig. 62e and 62f). The biggest changes occur in the upper area: the flood velocity decreases on
T1 compared to scenario 2 (0.3—0.4 m/s, Fig. 62f) and the ebb tide is faster on T3 than on T1 (0.25 m/s
and less than 0.2 m/s, Fig. 62e).

In scenario 4 (present-day), ebb and flood display the same pattern as in the 2 previous scenarios in
the central part (0.4—0.8 m/s, Fig. 62). Between Brest and Daoulas peninsula over all the T3 terraces
ebb and flood velocity is around 0.2 m/s (Fig. 62g and 62h). In the upper part, T3 terraces are mostly
affected by ebb, but with higher currents (0.3 m/s, Fig. 62g). Strong currents are simulated more
upstream toward the Aulne river than in scenario 3 (0.4-0.6 m/s, Fig. 62g and 62h). The present-day
context presents the highest potential transport for suspended sediments over T3 (Fig. 62). Only the
two terraces located at the south of the central zone, between Roscanvel peninsula and Lanvéoc are
less impacted by tidal flows, because they are protected by the coastline (Fig. 62).

These percentiles and currents directions reveal an evolution of the location of main tidal currents: (1)
They are confined in the main channel (T1) with high velocities during ebb and flood tides and opposite
directions. (2) As soon as the area surrounding T1 becomes subtidal (T2 at 7500 years cal. BP in the
central zone and T3 at 7000 years cal. BP in the upper zone), velocities decrease within the main
channel and strongest currents spread over the domain surrounding T1 (section 4.2.2). The sea-level
rise over a terrace strongly increases the submerged area (due to a very flat morphology). This leads
to a differentiation between ebb and flood tide current distribution, which is mainly influenced by
straits morphology. It is the strait between Lanvéoc and Daoulas that leads the ebb over T1 in the
central zone and the flood over T1 in the upper zone. Another effect of the strait influence is that
currents are always eastwards at north of the central zone and always westward at the south. (3) The
submerged area between scenario 2 (7500 years cal. BP) and 3 (7000 years cal. BP) increases a lot with
the passage in subtidal domain of most of the T3 terraces, while sea-level increases by 5 m. Currents
spread over a much larger area in the estuary and less intense currents than before reach the upper
zone. The submerged area between scenarios 3 (7000 years cal. BP) and 4 (present-day) is almost the
same, most of the T3 terraces are already in subtidal domain in scenario 3 and the sea-level increases
by 5 m. The inundation upstream increases and strong tidal current spread further upstream into the
estuary in scenario 4 than in scenario 3.

Changes in tidal current intensity are mainly related to the increase of the basin width in relation to
the water height. Higher velocities are observed in the upper part of the estuary when the sea-level
increases and not the submerged surface; and weaker velocities are observed upstream when the
submerged surface increases and not the sea-level.

4.4.2. Bottom currents impact on the seafloor

This section aims to explore the influence of tidal bottom currents on the seabed which means
on the erosion/deposition patterns via the analysis of a potential erosion index for non-cohesive
sediments and a potential deposition index for cohesive sediments (section 4.3.4). Those indexes help
to make the link between the simulated currents and the sediment records, by estimating the potential
loss or deposition of sediment induced by bottom tidal currents over one year.

In the first scenario (bathymetry at the top of U0 and sea-level at -26 m relative to present-day), all
grain-size classes present a high erosion potential in the main channel, except gravels which are only
mobilisable in the narrowest parts of the channel (Fig. 63). The intertidal zone (T2 domain) shows a
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much lower erosion index (Figs. 63b, 63c, 63d) and the highest potential deposit for mud (Fig. 63a).

The T2 terraces may receive most of the cohesive sediment deposits (mud) and some fine sand.
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Fig. 63: Deposition potential (a: mud) and erosion potential indexes (b: fine sands, c: sands, d: gravels) calculated for
scenario 1 (beginning of U1 deposits). Black lines represent the area above the mean sea-level and white zones are equal to

In the second scenario (bathymetry at the top of U1 and sea-level at -10 m relative to present-day)
the erosion potential index is the highest over T2 domain in the centre of the Bay of Brest. The action
of the currents on the bottom is less intense in T1 than in the previous scenario (Fig. 63, Fig. 64) and
the T2 domain displays currents able to carry sands and fine sands (Fig. 64b and 64c). The deepest part
of T1 and on slopes between T2 and T3 become the most favourable areas for the deposition of sands
and fine sands. The maximum potential deposit for mud is located over T3 terraces (Fig. 64a). Over T1
in the upper part of the Bay of Brest, fine sands potential erosion is similar as over T2 in the centre and
is strong in secondary channels too (Fig. 64b). Fine sands are therefore transported to T2 and T3 in the

upper zone.
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In the third scenario (bathymetry at the top of U1 and sea-level at -5 m relative to present-day), the
centre of the Bay of Brest displays a similar potential erosion and deposition as in the second scenario,
but the area with highest erosion potential is more extended at the south of the centre of the Bay
(Figs. 64 and 65). The potential deposition of mud is the highest over T3 in the central zone (Fig. 65a).
In the upper zone, in the main channel (T1) the potential erosion index for fine sands is tenfold lower
than in scenario 2 (Figs. 64b and 65b). The distribution of the potential deposition for mud also
highlights a decrease in bottom current velocity, which is greater on T1 and more uniform throughout
the upper zone than in the previous scenario (Figs. 64a and 65a).
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0.

During the scenario 4 (present-day bathymetry and sea-level), the areas of potential erosion of all
grain-size classes cover a larger area and show a similar intensity than the previous scenario (Figs. 65
and 66). The deepest zones (T1) are still less affected by potential erosion than in the T2 terraces in
the centre. The potential deposition of mud displays the highest values over T3, but these values
decrease over T3 in the upper zone compared to scenario 3 (Figs. 65a and 66a). New areas of strong
bottom action appear near the river mouths in this scenario (Aulne and Elorn). In those areas the
potential mud deposit is equivalent as in the centre (around, Fig. 66a) and even sands can be mobilized
close to the Aulne river mouth (Fig. 66c).
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The estimates of potential erosion and deposition indexes allow us to correlate major trends between
simulated hydrodynamics and sediment records. The erosion potential indexes are first mostly
localized in the main channel, then with sea-level rise, the high erosion potential extends to T2 domain
in the centre of the Bay (between scenario 1 and 2, Figs. 63 and 64). In the same time strong potential
deposition index for mud moves from T2 to T3, when T3 are intertidal terraces (scenario 2). All the
muds deposited over T2 in scenario 1, are removed during scenario 2 and settle over T3. This is
consistent with the deposition of U1, with only a few accumulations in the main channel in the centre
of the Bay and most of the preserved sediments are observed on T3 domain (Fig. 58). Then, during
scenario 3 bottom currents display similar patterns in the central zone, with a higher ability to carry
non-cohesive sediment at the south (Figs. 65a and 65b). Between scenarios 2 and 3 (Figs. 64 and 65),
the values of potential erosion decrease within the main channel in the upper area. Upstream of the
strait between Daoulas Peninsula and Lanvéoc, the potential deposition of mud increases over T1
between scenario 2 and 3, and during U2 deposits are observed over all the upper zone. Only T2 at the
north of the main channel in the centre and between Daoulas peninsula and Lanvéoc is under erosion
(Fig. 58). During scenario 4, potential mud deposition decreases over T3 in the upper zone compared
to the previous scenario and potential erosion of fine sands shows that bottom currents are able to
transport fine sands to or from the river mouths (Fig. 66b). In the centre of the Bay similar patterns are
observed as in scenario 3. U3 thickness map shows the lowest thicknesses over T3 compared to Ul
and U2 and important deposits over T1 (Fig. 58). That correspond to the potential erosion and
deposition simulated, but several meters of U3 sediments are recorded over T2 in the central zone and
remain unexplained (Fig. 58). The sedimentary map of Gregoire (2016) provides more information
about the grain-size classes repartitions for the present-day: (i) T2 is mainly covered by very coarse
non-cohesive sediments at the north of the main channel, (ii) sands and fine sands predominate at the
south and within the main channel (T1), and (iii) muds are predominant over T3. (iiii) The surface
coverage of the upper part is made mostly of cohesive sediments with a sandier mixture on T1 and T2
than T3. We simulate a similar repartition in the central part, with sands transport mostly at the north,
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fine sands that can be mobilized over T2 and T1 at the south of the central zone and strongest muds
potential deposits over T3 (Fig. 66). In the upper area, the sediment map from Gregoire (2016) and the
computed indexes show a good match too: potential deposition index for muds is higher over T3 than
T1 and T2, and only fine sands are able to be transported by bottom currents in the upper area (mostly
over T1 and T2, Figs. 66a and 66b).

In the centre, the hydrodynamic patterns remain similar since the scenario 2, strong currents over T2
transport cohesive sediments towards the shallowest morphological domain (T3, scenario 2, 3 and 4,
section 4.1) and towards the remote and quiet zones of the estuary, both are the only places where
muds display a strong potential deposition index (Figs. 63a, 64a, 65a, 66a). Potential erosion index
indicates that non-cohesive sediments (except gravel) are presumed to be transported mostly over T2
in the centre and deposited in the main channel (T1) and on slopes between T2 and T3 (both located
at the edges of T2 terraces, Figs. 64, 65, 66).

4.5. Discussion

In this study, we proposed paleotides reconstructions and discussed their impact on the
distribution of the sedimentary units of the Bay of Brest, but some uncertainties need to be taken into
account. To extend the bathymetric coverage on T3, at the south of the Daoulas peninsula, present-
day bathymetric data were used. We do not know what is the effect of this overestimated bathymetry
on the distribution of tidal currents in the upper zone. The ebb tide could have flowed over this part
of T3 domain earlier than in scenario 3, depending on U2 and U3 thicknesses. The presence of Brest
harbour also prevents a bathymetric reconstruction at the north of the central zone, because no
records are available due to human modifications. In this area past hydrodynamics cannot be
simulated correctly.

The choice to carry out a second scenario for U1 allows to highlight the influence of a significant
coastline movement on the distribution of tidal currents. However, the exact date of this
paleoenvironment (T3 intertidal, scenario 2) is unknown, because the chronology of deposition within
U1 is unknown too.

The composition of each paleoenvironment seafloor is unknown and for this reason the roughness
length is kept uniform. This can change the currents velocities, but it has a very slight influence
compared to bathymetric and sea-level evolution.

The rivers discharge evolution is the greatest uncertainty of the study even if the Bay is affected by
small rivers. In the absence of records for past stages, a true water discharge cannot be implemented.
The use of a hydro-sediment model is the only way to calibrate rivers discharge with a sensitivity
analysis, by comparing the sediment rate simulated and the one from each paleoenvironment over the
estuary. This methodology can be supported by qualitative information from palynological studies
(Fernane, 2014; Lambert, 2017).

The last incertitude is about the tidal amplitude during the first scenario. The amplitude of M2
component could be under estimated of about 0.25 m in our study (Ward et al., 2016), with an M2
amplitude of about 2 m in the Bay of Brest at the present-day (Beudin, 2014). Or conversely the entire
tidal range could be overestimated by 0.50 m or more (Goslin et al., 2015) The consideration of the
evolution of forcing in the past represent a great difficulty as no data are available. The quantification
of their respective influence on hydro-sediment dynamic is a perspective for a future work. A deeper
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analysis of forcings (especially rivers discharge and tide) can help to understand past interactions in
estuaries and their impact on estuaries filling.

Our reconstructions focused on the distribution of sedimentary units U1, U2 and U3 in the Bay of Brest.
At the beginning of Ul's deposition (9 000 years cal. BP, sea-level —26m), the main channel (T1)
concentrated the strongest currents, which prevented the deposition of cohesive sediments. Muds
were directed towards the intertidal domain (T2) whereas sands and fine sands were transported
upstream and downstream by the alternating ebb and flood tides, eventually triggering sand bars. The
rapid sea-level rise moved T2 terraces into subtidal domain and T3 into intertidal domain at 7 500 years
cal. BP (sea-level -10m). The submerged area increased considerably, allowing tidal currents to extend
to T2 domain in the central area. The straits (between Plouzané and Roscanvel peninsula, and between
Daoulas peninsula and Lanvéoc) oriented ebb tide southward and flood tide northward in the central
zone. High flood velocities in the entrance of the Bay of Brest induced an anti-cyclonic gyre in the
centre of the Bay, with higher velocities at the North than at the South of the main channel. In this
configuration the sediments previously deposited on T2 were eroded and transferred on T3 terraces.
Non-cohesive sediments were mainly transported on T2 and deposited at the edge of the T2 terraces
(slopes between T2 and T3 and into the main channel T1). This change in currents distribution
explained the absence of muddy sediment within U1 over T2 and their records over T3. In the upper
zone, strong flood and ebb tide currents in the main channel prevented sediment deposition during all
U1 deposit period.

Even if the sea-level rise slowed down during U2 deposits (Goslin et al., 2015), T3 terraces also became
subtidal (sea-level -5m) at 7 000 years cal. BP It marked the start of U2 deposits. The currents
distribution remained similar to the second scenario in the centre, still influenced by the straits
morphologies, but characterized by faster currents and greater extension over T2 than during the
previous 7 500—7 000 years cal. BP period. U2 sandy sediments settled within the main channel and
on slopes between T2 and T3, whereas muddy sediment settled on T3. Ebb tide flowed over the whole
area in the upper zone, while flood tide was orientated towards T1 and T2 by the strait separating the
central and the upper part of the Bay of Brest. The T3 flooding considerably increased the area over
which the tidal currents flow, while the sea-level raised only by 5 m. Slower currents reached the upper
zone and permitted U2 sediments to settle over the whole upper zone. They contained mainly mud
mixed with fine sands on T1 and T2.

Then, between 7 000 years cal. BP and the present-day the velocity of the sea-level rise decreased
(globally) until it reached the present-day sea-level, while the submerged area did not increase.
Currents during U3 were faster than during U2 and the flooding increased upstream in the estuary,
towards the river mouths (Aulne and Elorn). Tidal currents were able to transport non-cohesive
sediments more upstream in the estuary than the currents during U2 and prevented the deposition of
muds close to river mouths (Aulne and Elorn). Muds settled upstream in the rivers and over T3 terraces
in smaller quantity than before. The tidal dynamics remained similar as the previous unit during U3 in
the central zone, but an important sediment thickness is present over T2 in the centre. U3 is still active
at the present-day, so these deposits are potentially still moving such as sand dunes. This hypothesis
suggests that non-cohesive sediments were deposited on T2 during the deposition of U1 and U2 but
have been constantly recycled for the last 7 500 years. This should be verified with bathymetric
acquisition at regular time intervals or high-resolution seismic acquisition.

Our approach focusing on a macrotidal bay (180 km2) over 9 000 years considers much smaller
temporal and spatial scales than previous works from the Imperial college (Wells et al., 2007a; Wells
et al., 2007b; Wells et al., 2010) and is under the action of less forcings: waves and wind are considered
negligible compared to the tide (section 4.2.1.2, Fig. 55) over the entire time-scale. Its
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paleoenvironmental evolution over the last 9 000 years (bathymetry, Gregoire et al., 2017 and mean
sea-level, Goslin et al., 2015), reveals that the fetch length (25 km today — Stéphan et al., 2012) is
shorter at lower sea-levels than the present-day one and that the strait protecting the estuary from
the swell is already formed during the Pliocene (5.3 Ma to 2.8 Ma, Hallegouet et al., 1994). In our study
the simulated past hydrodynamics can be almost exclusively related to tide propagation. As the
hydrodynamic is validated for the present-day stage, we have confidence in the hydrodynamics
produced with the other bathymetries. The fact that the hydrodynamic results presented in this study
explain the sedimentary distribution observed during the Holocene transgression, shows that the
assumptions made in this study are justified.

We use here the same methodology as that proposed by Mitchell et al. (2010) and Collins et al. (2018)
: rebuild paleoenvironmental scenarios to study the evolution of tidal currents distribution in the past.
In our case, the Bay of Brest over the last 9 000 years is well-known, thanks to sedimentary records.
We were able to simulate four distinct and successive contexts (sea-level and associated
paleogeography) that are representative of all the major trends/steps of the Holocene history. This
hypothesis that the four chosen scenarios (corresponding to four discontinuous steps) are indeed
representing continuous hydrodynamic changes is a critical point, but allows us to discuss which
factor(s) may trigger the major hydrodynamics changes observed in our simulations over the Holocene.

Simulating tide dynamics over time periods of at least 1 ka remains a challenge for the oceanographic
and geological communities that face a scale problem between their respective modelling tools
(Joseph et al., 2016). Hydrodynamic models are able to simulate processes over time periods ranging
from few-days to around 10 years. With a simplified integration of the processes, or the use of a
morphological multiplicative factor this type of model can simulate over hundreds of years. For
stratigraphic modelling the problem is to downscale calculation steps. Stratigraphic model consider
only the resultant effect of all the processes using diffusive equations that apply at basins scale and
allow simulations over much longer time period (hundreds of Ma) with longer time steps (1 ka to 10
Ma, Ku Shafie and Madon, 2008, Burgess in Roberts, 2012). This kind of model does not allow to take
into account a process oscillating as quickly as the tide. It would need to upscale the tidal calculation
(no general or global effect is known over long periods) or to downscale the calculation of the other
processes, which is not the objective of stratigraphic model.

The scenarios are for now the only way to reach time scales of geological interest (at least 1 ka to 10
ka) in the study of the impact of tidal currents on sediment distribution. Discussing the hydrodynamic
evolution during the entire transgression in the Bay of Brest is a first step towards upscaling of the tidal
impact on sediment. In the future, we plan to use these four scenarios, representing all sedimentary
units and major coastline changes, to explore possible simplification for tidal currents calculations. The
aim is to use representatives simplified tides as inputs for a stratigraphic model and thus simulate the
whole period (9 000 years cal. BP). Potential deposition and erosion indexes are an interesting
approach, as they allow to integrate in the simulations the impact of bottom tidal currents on
sediments, without smoothing the extreme events (e.g. spring and neap tides). This appears as a good
way to bring together fine (hydrodynamic) and long (stratigraphic) time scales.

4.6. Conclusion

This study explored the responses of the Mars3D hydrodynamic model to four
paleoenvironmental contexts chosen and rebuild during the Holocene transgression in the Bay of Brest
(9 000 years cal. BP to present). These four scenarios represent all the units defined from sediment
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records (Gregoire, 2016) and extrema of the paleoenvironmental changes defined as bathymetric and
sea-level variations. Our use of hydro-sediment models of a well-known estuary over well constrained
time period (9 ka, Holocene) is a rather new attempt to better understand the changes and behaviour
of tidal processes through changing environments. It permits to link tidal currents evolution to
paleoenvironmental changes between scenarios and therefore discuss what triggers the observed
evolution. This new approach simulates the evolution of tidal dynamics over the last 9 000 years and
highlights the impact of morphology and water depth on the tidal currents, as well as probable
influence of bottom currents on deposition of cohesive sediments and erosion/transport of non-
cohesive sediments. Based on these correlations between sedimentary archive and simulated tidal
currents, the study proposes a reconstruction of the sedimentary filling during the entire Holocene
transgression in the Bay of Brest.

This study succeeded to correlate the results of hydrodynamic simulations and sediment records in a
qualitative way. Further modelling would be required using the hydro-sediment module e.g.
MUSTANG (MUd and Sand TrAnsport modelliNG, Le Hir et al., 2011) coupled to MARS3D to simulate
sediment dynamics correlate simulated scenarios and data in a quantitative way. This would provide
further evidence of the relevance and effectiveness/weaknesses of the method presented here.
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Préface

Cette préface a pour objectif de présenter I'article intitulé : « Numerical Modelling of Tidal
Sediment Dynamics in the Bay of Brest over the Holocene : How the Use of a Process-Based Model
over Paleoenvironmental Reconstitutions can Help to Understand Long-Term Tidal Deposits ? », qui a
été préparé en vue d’une publication.

Par conséquent le contexte, les scénarios, ainsi que la méthodologie utilisée sont de nouveau
présentés. Cependant, la partie méthodologie de cet article se concentre sur la mise en place des
modélisations hydro-sédimentaires. Le modele utilisé (MARS3D/MUSTANG), ainsi que les choix de
paramétrisation y sont détaillés. Des simulations morpho-dynamiques sont réalisées avec 4 classes
granulométriques et une couche initiale de 50 cm sur deux ans (avec une année de spin-up, pour
initialiser la dynamique sédimentaire de surface de chaque scénario). Une étape de calibration des
apports sédimentaires a été réalisée avec une méthode d’essais et erreurs, en modifiant le débit des
rivieres jusqu’a obtenir un taux de sédimentation comparable entre les simulations et les unités
sédimentaires correspondantes, tandis que la quantité de sédiment disponible aux bordures marines
est gardée constante entre les scénarios (concentration inversement proportionnelle a I’évolution de
la section, liée aux variations du niveau marin). Cet article détaille également la méthodologie de
comparaison entre les simulations et les enregistrements sédimentaires; i.e., les variations
bathymétriques simulées (érosion/dépots) sont comparées aux cartes d’épaisseurs sédimentaires et
la répartition simulée des classes granulométriques est comparée aux observations (simplifiées) issues
des carottes sédimentaires.

Les résultats sont divisés en quatre parties, une pour chaque scénario. Pour chacune d’entre elles, une
carte de I’évolution bathymétrique apres 1 an est décrite et comparée a la carte d’épaisseur de I'unité
sédimentaire correspondante. Ensuite, I'évolution de la masse des différentes classes
granulométriques en chaque point de la rade de Brest est présentée et comparée aux enregistrements
sédimentaires issus des carottes.

Dans un premier temps, la discussion de cet article propose une reconstitution de la dynamique hydro-
sédimentaire induite par la marée en rade de Brest. La corrélation avec les enregistrements
sédimentaires y est discutée et les résultats de simulations sont résumés sous la forme deux coupes
par scénario, une dans la zone centrale et une dans la zone supérieure de la rade de Brest. La
comparaison entre la reconstruction et les enregistrements sédimentaires a mis en avant une
excellente corrélation, avec seulement quatre observations issues des carottes qui restent
inexpliquées par les simulations. Ensuite la calibration des apports sédimentaires est discutée en
fonction des conclusions de précédentes études (palynologiques principalement). Bien que ces études
donnent des informations qualitatives sur I’évolution climatique et environnementale, elles vont dans
le sens de I'évolution des débits déterminée entre les scénarios (calibration). Ce qui nous a permis
d’étudier I'impact des apports marins et fluviatiles au cours des quatre scénarii. Les simulations avec
uniqguement les apports marins représentent environ 82% des apports sédimentaires des simulations
avec les apports marins et fluviatiles durant les 9 000 derniéres années (moyenne pondérée avec les
périodes de dépdts des unités sédimentaires), contre moins de 6% pour les simulations avec
uniquement les apports des rivieres. Enfin, la derniére partie discute de I'implication des résultats
obtenus pour l'interprétation stratigraphique des estuaires dominés par la marée. Les résultats de la
rade de Brest sont d’abord simplifiés, pour ne représenter que les limites de dépb6ts des sédiments
cohésifs et non-cohésifs, ainsi que des logs schématiques du remplissage des différents domaines
morphologiques. Il apparait que les limites érosion/dépot et sédiments cohésifs/non-cohésifs ne se
déplacent pas nécessairement vers I'amont de I'estuaire pendant une transgression. Ces limites
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bougent vers 'amont et les flancs de |'estuaire quand le niveau marin remonte et la section
d’écoulement reste d’une largeur similaire. Et a I'inverse quand la largeur de la section d’écoulement
augmente brutalement (passage en domaine subtidale des terrasses) ces limites bougent vers I'aval et
le chenal principal (pour une configuration similaire a la rade de Brest, avec un ennoiement progressif
enamont liée aux berges abruptes des rivieres). Dans cet article nous proposons un schéma conceptuel
représentant I'évolution de ces limites en relation avec la morphologie du fond et le niveau marin.
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Abstract

Long-term sedimentary infill of tide-dominated estuaries remains poorly understood. The main issue
is the time-scale gap between the tidal process (hourly variations) and sedimentary layer formation
(hundreds to thousands of years). Hydrodynamics induced by tides are responsible for intense
remobilization of sedimentary layers inside estuaries and thus only partial sedimentary records are
available. This consequently complicates understanding and interpreting the influence of
hydrodynamic forcings via the preserved sedimentary deposits, as well as their chronology. Numerical
modelling would appear to be the most-appropriate solution to overcome the lack of sediment deposit
preservation. Hydro-sediment modelling is the only way to explicitly simulate the impact of the tidal
process on sediments. However, simulations time-span of these models are currently limited to
decades, without simplification or schematization of the tide impact on sediments. Even when
simplified, simulated time intervals hardly exceed hundreds of years. This study (and Olivier et al.,
2021) exposes a methodology exploring the evolution of hydro-sediment dynamics induced by tide
over large time-scales (e.g. a transgression, ~10 ka). The aim is to use sedimentary records to identify
and rebuild each key paleoenvironments of the sediment infilling in a tide-dominated estuary (defined
as seafloor morphology and sea-level), in order to run them through hydro-sedimentary simulations
(MARS3D/MUSTANG). The Bay of Brest is the area selected to test the methodology. Four
paleoenvironments made up of four grain-size classes and defined by four distinct sea-level and
seafloor scenarios are used to study the evolution of tidal-current impact on the erosion/deposition
patterns over the last 9000 years. To overcome the lack of hydrodynamic data in the past, simulation
results were compared with sedimentary records in terms of: amount of sediment deposited
(sedimentation rates), distribution of erosion/deposition patterns (thickness maps) and distribution of
grain-size classes (cores). Simulation results allowed: (I) to explain most of the sediment distribution
for each sedimentary unit; (Il) to reconstruct tide influence on the Holocene infilling of the Bay of Brest;
(1) to discuss the evolution of the influence of sediment supply sources; (IV) and therefore to

120



demonstrate that the methodology is relevant to study sediment dynamic over a long time interval (9
ka). (V) The reconstruction highlights the longitudinal evolution of erosion/deposition and
cohesive/non-cohesive deposit boundaries, which evolve with sea-level rise in relation to the active-
flow section width in the Bay of Brest: fast and significant expansion of the active-flow section width
(passage into subtidal domain of terraces) induces a downward movement of those boundaries inside
the estuary and when sea-level rises and the active-flow section width remains similar, those limits
move upward of the estuary.

5.1. Introduction

Tides are a key process in the understanding of sediment dynamic in many coastal areas
throughout the world, particularly in bays and estuaries. Although they cover a relatively small
percentage of all sedimentary environments, as they are located at the interface between rivers and
continental shelves, bays and estuaries are key actors that control sediment trapping and sediment
supply to ocean basins (with deltas). They are consequently a key area in the transfer of sediment from
source to sink. How and how much do estuaries trap sediments during transgression, or regression
cycles (about ten thousand years each) is therefore an important question to answer in order to
understand estuaries and ocean basin stratigraphy. Yet tide-dominated estuary infill remains poorly
understood because sedimentary records are the only data available, but are often only partially
preserved. Processes acting on sediment transport in tide-dominated estuaries are very complex, as
they are influenced by numerous hydrodynamic and sedimentological factors over a wide range of
temporal and spatial scales (Wang, 2012). Tidal sedimentary rocks are the result of hundreds to
thousands of years of a short temporal scale forcing, as tidal currents vary on an hourly scale. Water
flow patterns evolve with sea-level variation and sediments are thus reworked repeatedly during the
long-term infilling of an estuary. It is therefore very complicated to discretize the different events and
understand the evolution of the system (Tessier et al., 2012). The stratigraphic response of estuaries
to sea-level variation is even more complicated to understand, as it varies according to the
combination of sea-level variation rates, sediment supply, bedrock morphology, and hydrodynamics
(Tessier, 2012). The stratigraphic interpretation of tidal deposits is carried out by analogy with present-
day observations (e.g. Reynaud et al., 2006; Shanmugam et al., 2009; Flemming, 2012; Olariu et al.,
2012; Reynaud and James, 2012; Lee et al., 2022), which are summarized in conceptual models (e.g.
Dalrymple and Choi, 2007; Dalrymple et al., 2012). The interpreted depositional environments are
assembled to determine the depth and influence of hydrodynamics by analogy. They are then
associated with transgressive and regressive cycles: LST (Lowstand System Tract), TST (Transgressive
System Tract) and HST (Highstand System Tract). In estuary sequence stratigraphy, transgressive and
regressive movements are linked to the interpreted evolution of shoreline, which comes from
depositional environment interpretation of the sedimentary record (e.g. the intertidal mud/sand limit,
sand bars, salt marsh). Due to poor preservation, it is unusual to observe longitudinal variation of facies
deposits, even in the presence of a large dataset (e.g. cores, seismic, outcrops, Tessier, 2012).
Moreover, designation of the transgressive surface (and thus the LST) is particularly difficult as many
of the prominent surfaces in the estuary fill are diachronous facies boundaries (Dalrymple and Zaitlin,
1994). The combination of diachronous facies boundaries, poor preservation of deposits, the great
variability of facies and hydro-sediment processes in estuaries, substantially complicates establishing
common patterns for different stages of sea-level rise (LST, TST, HST). This was demonstrated in a
synthesis of tide-dominated estuary Holocene infill, made by Tessier (2012). The distribution of
preserved sediment deposits is not sufficient to explain hydrodynamic evolution in estuaries over large
time scales. The hydro-sediment response of estuaries to long-term parameters (hundreds to
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thousands of years), such as sea-level or seafloor evolution between sedimentary units, often remains
unknown.

In the absence of sedimentary records (or only partial), numerical modelling is the only way to study
the effect of tides on sediments over an estuary. Hydro-sedimentological modelling is designed to
resolve physical processes acting along the coast (e.g. tide, wave, wind, river discharge), which
provides the representation of the tide and its effects on the seafloor. Hydro-sediment models are
used to complete in-situ measurements (e.g. current velocities, sea surface variations) and accurately
represent the impact of hydrodynamics on sediments throughout the estuary. However, the time step
imposed by hydrodynamic processes acting in estuaries implies to simulate only short time intervals
(from hours to decades, e.g. Barcena et al., 2016; Grasso and Le Hir, 2019; Tosic et al., 2019). The
temporal scale limit of hydro-sediment modelling is an important scientific lock, because
transgressions last about ten thousand years and the formation of sedimentary units around hundreds
to thousands of years (Dalrymple et al., 1992; Tessier et al., 2012). To overcome this time scale issue,
many techniques have been developed to simulate longer time intervals (around thousand years
maximum). A synthesis of these techniques is proposed by Roelvink (2006). The most used technique
is to apply a multiplicative factor (n) for erosion and deposition fluxes, or the net erosion/deposition,
estimated by a hydro-sediment model (e.g. Franz et al., 2017; Le Tu et al., 2019; Elmilady et al., 2020).
Volumes deposited are therefore the expression of present-day forcing (1 to 10 years) multiplied by n
at each time step. This technique has the advantage of simulating deposit thicknesses comparable to
sedimentary records. In the case of the tide, it means that the tidal forcing impact simulated (water
height, current velocities) is repeated n times, before the simulation passes to the next one. Some
studies have used a very high morphological factor to approach time intervals in the order of a
thousand years. Mainly conceptual estuaries were simulated and they all led to estuary equilibrium
configuration (Lanzoni and Seminara, 2002; Bolla Pittaluga et al., 2015; Guo et al., 2015; Braat et al.,
2017). Simulations of Bolla Pittaluga et al. (2015) indicated that the investigated system always moves
toward an equilibrium configuration in which the net sediment flux in a tidal cycle remains constant
throughout the estuary and equal to the constant sediment flux delivered by the river. The majority of
sediment features, such as tidal channels, dunes and tidal flats, are the result of a system seeking to
reach its dynamic equilibrium (Coco et al., 2013). However, eustatism or subsidence processes keep
changing the conditions to reach this dynamic equilibrium and that is why almost no natural estuary
has reached it yet.

The influence of hydrodynamic processes on estuary infilling (erosion and deposition) over a
transgression or regression remains an important question. This study exposes a methodology to
explore the influence of paleoenvironmental evolution (seafloor and sea level) on the sediment
dynamics of tide-dominated estuaries. It proposes to use hydro-sediment modelling to complement
in-situ measurements, but at several stages of a transgression. The main difference with studies at the
present-day is that in-situ measurements are not sea-surface height or current velocities, as the oldest
hydrodynamic data are only 300 years old (Brest tidal gauge), but are sedimentary records (the only
data available for the past). Studies from Imperial college have already analyzed past tide influences
on sediments at large spatial (sedimentary basin to global) and temporal scales (about 10-50 Ma, e.g.
Wells et al., 2007a; Mitchell et al., 2010; Wells et al., 2010). By using the hydrodynamical ICOM model
(Imperial College Ocean Modelling) for short time intervals (days to months), hydrodynamic
simulations were linked to sedimentary records with bed shear stress calculation over
paleoenvironmental reconstructions (e.g. Cretaceous, Bohemian basin, Mitchell et al., 2010; late
Oligocene-Miocene, South China Sea, Collins et al., 2018; late Pennsylvanian Seaway of NW Eurasia,
Wells et al., 2007a; 2007b). Other studies have explored recent and old paleoenvironmental impact on
tides, such as Reynaud and Dalrymple (2012, Holocene and Lower Cretaceous, and Zuchuat et al., 2022,
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lower Oxfordian). The innovative aspect of our study is that the reconstructed scenarios represent all
the key stages of estuary infilling and therefore allow to discuss the evolution of the hydro-sediment
dynamics between the scenarios and their triggers (Olivier et al., 2021). The objective of this study is
to observe the hydro-sediment response of an estuary to geological parameters, such as seafloor
morphology and sea-level evolution (section 5.2.1). Comparable methodologies were used to study
other estuaries on a century time scale (e.g. Marennes-Oléron bay, 1826 to 2004, Bertin et al., 2005;
Seine estuary, 1960 to 2010 Grasso and Le Hir, 2019). The methodology here is applied to the Bay of
Brest Holocene time interval (section 5.2.2). It is a macrotidal estuary naturally protected from oceanic
waves (Monbet and Bassoullet, 1989; Beudin, 2014), with a sediment infilling starting 10 000 years ago
and several meters of those sediments preserved (Gregoire et al., 2017). Four scenarios are defined
according to its infilling history (section 5.2.3). Then the hydro-sediment dynamic is simulated for each
of them with MARS3D-MUSTANG (5.2.4, Lazure and Dumas, 2008; Le Hir et al., 2011) and the sediment
supply is calibrated for each scenario by comparing the sediment rate of preserved sedimentary
records and simulation over one year (5.2.5). Simulations are not expected to be an exact
representation of past stages, but to present the same global patterns of erosion and deposition as
sediment thickness maps of units, and the same global grain-size class distribution as observed in cores
(5.2.6). Simulation results, for each scenario, are compared with global sedimentary unit trends
recorded by cores and seismic (5.3). The results are used to propose a reconstruction of the Bay of
Brest infilling (5.4.1). Then, the discussion focuses on the calibration and impact of sediment supply
sources used in simulations (marine and river, 5.4.2). The last point discusses the influence of
paleoenvironmental evolution on hydro-sediment dynamics and the implications for the stratigraphic
analysis of estuaries (5.4.3).

5.2 Methodology and tools
5.2.1 The modelling strategy

This paper aims to explore the evolution of long-term (a transgression, i.e. about 10 000 years)
tide-induced deposits in response to sea-level rise and seafloor evolution in a tide-dominated estuary.
With only partial sedimentary records and no hydrodynamic data in the past, the idea is to use
numerical modelling to complement in-situ observations. Building successive scenarios is the only
option to simulate the tide and reach the temporal scale of a transgression. The scenarios are thus
expected to be representative of larger time intervals than the ones simulated. For this reason, a new
scenario is generated for each paleoenvironmental and sediment dynamic change identified.
Sedimentary records are then used to rebuild past seafloor morphologies (using thickness maps of
seismic units) and sea-level curves (Goslin et al., 2015; Garcia-Artola et al., 2018). Hydro-sediment
modelling is used to simulate the response of tidal-induced sediment dynamics to seafloor and sea-
level evolution. Hydro-sediment modelling in this study is expected to show the evolution of erosion
and deposition areas, and grain-size distribution induced by tidal currents. This can provide
information on deposit preservation, longitudinal evolution of grain-size classes and triggers of main
hydro-sediment dynamic changes. This study is not expected to be an exact representation of past
estuary dynamics, but seeks to upscale the consideration of tide impact on sediments, by providing
the hydro-sediment dynamic evolution link to key paleoenvironments (scenarios) of an estuary
infilling. The first step is to compare sedimentary records and simulations in order to calibrate
sediment supply and validate global trends, which is possible only because the scenarios are
representative of larger time intervals than the ones simulated. The second main goal is to identify
factors triggering main hydro-sediment dynamic changes and their implication for estuarine
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stratigraphic interpretations. The methodology is applied to the Bay of Brest, where four scenarios are
reconstructed from 9 000 years ago to present-day (sea-level -26 m to 0 m, Goslin et al., 2015; Garcia-
Artola et al., 2018). This work follows a previous paper (Olivier et al., 2021) dedicated to hydrodynamic
changes, where four scenarios were established and described. The present paper focuses on the
application of a hydro-sedimentary model (MARS3D-MUSTANG) to these four scenarios.

5.2.2 The Bay of Brest

The Bay of Brest is a semi-enclosed macrotidal bay located at the western end of Brittany,
France (Fig. 67). The mean spring tidal range is 5.9 m and the mean neap tidal range is 2.8 m in Brest
harbour (Beudin, 2014). The Bay is protected from ocean waves by the strait between Plouzané and
the Roscanvel peninsula (1.8 km wide, connecting the Bay and the continental shelf, Ballevre et al.,
2009; 2014). This configuration induces a very weak swell climate compared to the wave energy
regime outside the Bay (Iroise Sea, Monbet and Bassoullet, 1989; Olivier et al., 2021). The study area
also displays a short fetch (~25 km, Stéphan et al., 2012), protecting it from significant wind-induced
waves.

During the Tertiary era, glacio-eustatic movements generated transgressions and regressions around
the Brittany region. The Bay of Brest emerged several times during low sea-level stages and the
basement is eroded by paleo-rivers since the Oligocene (Hallegouet et al., 1994). Past fluvial systems
generated three morphological domains (Gregoire et al., 2016, Fig. 67): T1 is the main paleo channel;
T2 is the first stage of terraces, above T1; T3 corresponds to the shallowest terraces localized in
sheltered coves and bays. A network of secondary channels within T2 and T3 connects these domains
to the main channel (T1, Fig. 67).
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Fig. 67: Present-day bathymetric map of the Bay of Brest, generated from SHOM data (2015). The inset-bathymetric section
is indicated by a blue line on the map. On this section, the blue line corresponds to present-day bathymetry and the black
line to the beginning of the Holocene infilling of the Bay of Brest (9 ka BP). T1: paleo main channel. T2: deepest stage of
terraces. T3: shallowest stage of terraces (delimited by grey lines). Black dotted box represents the limits of the central area
and red dotted box shows the limits of the upper area of the Bay.
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This estuary is the perfect place to explore tidal impact on hydro-sediment dynamics, because of its
specific characteristics: |) it is a macrotidal system, 1l) it is protected from ocean waves (Monbet and
Bassoullet, 1989) and Ill) it has a specific seafloor morphology (three different morphological domains),
providing observation of the influence of several paleoenvironmental configurations. In this study, the
estuary is divided into two parts: the upper part, to the east of the strait between Lanvéoc and the
Plougastel-Daoulas peninsula (towards the estuary of the Aulne river, Fig. 67), the central part is
delimited by the same strait as in the east and the one between Plouzané and Roscanvel peninsula at
the west. This strait behaves like a bottleneck in terms of hydro-sediment processes. All areas
westward of this strait such as the Iroise Sea, are affected by waves and storms and therefore not
analysed in this paper (Fig. 67). The three most important rivers are the Aulne (estuary located to the
south-east of the upper part, annual mean water discharge around 30 m3. s~ ! and suspended matter
concentration around 0.2 g.l_l), the Elorn (estuary located to the north-east of the central part,
annual mean water discharge around 10 m3.s~! and suspended matter concentration around 0.1
g-171) and the Mignonne (estuary located to the north of the upper part, annual mean water discharge
around 1.5 m3.s71 and suspended matter concentration around 0.08 g.[™1).

Over the Holocene, the evolution of river sediment supply is unknown and only proxies can give clues
on regional climate evolution. The Lower Holocene (11.7 to 8.2 ka BP) is characterized by high summer
insolation values and is still strongly impacted by the remanent presence of continental ice-sheet that
developed during the last ice age (Lambert, 2017). The vegetation then gradually grew around the Bay
of Brest (Lambert, 2017) and precipitations increased in northern Europe (Seppa and Birks, 2001; Bjune
et al., 2005), in connection with a climate warming during the Holocene climate optimum between 8.2
to 4.2 ka (BP, Koshkarova and Koshkarov, 2004). After this climatic optimum, temperatures globally
decreased (Berger and Loutre, 1991) and precipitations slightly decreased in northern Europe (Seppa
and Birks, 2001; Bjune et al., 2005). This time interval also saw an important expansion of agriculture
in the region (Lambert, 2017) inducing deforestation and therefore a greater runoff from the land
towards rivers (Lambert, 2017). Another important parameter of river sediment discharge is the river
profile, which is linked to sea-level variations. When sea-level falls, river profiles are steeper and the
potential energy increases between rivers and the Bay and the opposite occurs when sea-level rises
(i.e. a greater velocity is expected inside rivers during low stage than during high stage).

5.2.3 Modelling scenarios

Four scenarios were defined to represent the main steps of hydro-sediment evolution over the
Holocene transgression in the Bay of Brest. The scenarios represent different paleoenvironments at a
specific age and are defined by a bathymetric map (Olivier et al., 2021). The aim is to represent key
paleoenvironments of the Bay of Brest at different stages of sediment infilling. A scenario is therefore
reconstructed after each major change in stratigraphic patterns (deposit dynamics) and after each
important retreat of the coastline, such as the flooding of a new morphological domain. The choice of
simulated time intervals is based on the work of Gregoire (2016; Gregoire et al., 2017), which defined
four sedimentary units for the Holocene period: U0 (~10-9 ka cal. BP, LST), U1(~9-7 ka cal. BP, TST),
U2(~7-3 ka cal. BP, TST) and U3 (~2-0 ka cal. BP, HST, Fig. 68).
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Fig. 68 : a: theorical logs for each morphological domain over the Holocene time interval in the Bay of Brest (from the
interpretation of 10 cores and previous study of Gregoire, 2016). Muds are displayed in brown and sands in yellow. c:
Sedimentary units chronology (from Grégoire, 2016) and simplified sea-level curve over the Holocene. c: two sections
present the depth of each sedimentary unit top, relative to the present-day mean sea level: black line for the top of UO,
purple for the top of U1, orange for the top of U2 and light blue for the top of U3 (top corresponding to remarkable
stratigraphic surfaces, see Gregoire et al., 2017).

For the period before 10 ka (BP), the Bay of Brest is characterised by a fluvial sediment dynamic and
during U0 (10 to 9 ka BP), sediment deposition is typical of a ria system. This study focuses on tide-
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dominated stages of the Holocene transgression within the Bay of Brest over the last 9 000 years. The
four scenarios represent major paleoenvironmental evolutions during the deposition of U1, U2 and
U3. Ul is characterised by a wide range of sea-level variations during its deposition from -26 to -5 m
(Fig. 68) and therefore two scenarios are generated for this sedimentary unit. Scenario 1 is set at the
beginning of this time interval at 9 ka (BP), with a seafloor corresponding to the top of UO. During this
scenario the intertidal area is located over T2 terraces. Scenario 2 is set at 7.5 ka (BP) and aims to
represent the end of Ul. The chronology inside sedimentary units is poorly known and thus the
selected seafloor for scenario 2 is the top of U1, as the aim is to explore hydro-sediment dynamics
conditions at the beginning of U1 with scenario 1 (9 - 7.5 ka BP) and the end of U1 with scenario 2 (7.5
- 7 ka BP). The intertidal area is over T3 during scenario 2. Then, during U2 deposition the rise in sea-
level slows down (-5 to 0 m). The configuration (seafloor and sea level) remains similar during this time
interval (7 - 3 ka BP) and thus scenario 3 aims to represent the entire deposition time interval of U2.
Scenario 3 is set at 7 ka (BP), with the top of U1 as the seafloor. During scenario 3 almost all T3 terraces
are subtidal. During U3, sea-level remains close to that of the present-day (Fig. 68) and thus only one
paleoenvironment is generated to represent U3. Scenario 4 is set at the present day and aims to
represent the entire deposition time interval of U3 (2 - 0 ka BP), which is still active at the present day.
Present-day seafloor (top of U3) and sea-level are used for this scenario. During the Holocene,
preserved mud deposits are mainly localised over T3 and most of the preserved sand deposits are
localised over T1 (Fig. 68). All details on sediment data and bathymetric maps generation (Tab. 3) used
for the construction of these 4 paleoenvironments, are provided in Olivier et al. (2021).

Tab. 3: Summary of scenario settings

Scenario and
simulation aim

Scenario 1
(Beginning of U1)

Scenario 2
(End of U1)

Scenario 3
(U2)

Scenario 4
(U3)

Age

9 000 years BP

7 500 years BP

7 000 years BP

Present day

Mean sea-level

(compared to -26m -10 m 5m om
present day)
Seafloor Top UO Top U1 Top U1 Top U3 (present-

day seafloor)

5.2.4. The hydro-morpho-sediment model MARS3D-MUSTANG

The sediment module, MUSTANG, is coupled with the hydrodynamic model MARS3D. The
hydrodynamic code MARS3D computes the hydrodynamic variables (currents, free-surface elevation)
and MUSTANG computes sediment transport, erosion and deposition processes and morphological
evolutions in coastal and estuarine environments (Le Hir et al.,, 2011; Mengual et al., 2017). The
hydrodynamic code and its settings are described in Olivier et al. (2021).

The horizontal computation grid is Cartesian, with mesh-size of 250 m x 250 m and the water column
is composed of 20 levels. This very fine vertical resolution results from previous applications of the 3D
model in the Bay of Brest (Klouch et al., 2016; Frére et al., 2017; Petton et al., 2020). Given the time
dedicated to the implementation of the grid and the validation of hydrodynamics, a similar
configuration is used in this study. In the water column, the model resolves advection/diffusion
equations for different classes of particle (in a 3-D framework for mud and in a 2D framework for
sands). Although coarse non-cohesive sediments are transported as bedload, the ability of the model
to simulate their dynamics by considering transport in suspension was previously demonstrated using
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a fitted erosion law (Le Hir et al., 2011; Dufois and Le Hir, 2015). The settling velocity of each particle
class is constant and depends on grain size (Chataigner, 2018). The model accounts for the transport
of four sediment classes: gravels 3 mm; sands 1.1 mm; fine sands 200 um and muds 15 um. The
selection of these representative grain-size classes is based on previous work (Gregoire, 2016) and on
study of 10 sediment cores. For each class, grain density is 2600 kg/m? (quartz density).

In the Bay of Brest configuration, the sediment model has the same horizontal resolution as the hydro-
dynamic model and manages up to 100 layers, with variable thicknesses between 1 um and 1 cm
(excluding the deepest layer, which can be thicker), according to deposition and erosion events. When
the maximum number of layers is exceeded, the two deeper ones are merged. The initial sediment
bed has a uniform thickness of 0.5 m inside the Bay (no erodible sediment outside the Bay), and is
composed of 10% gravel, 20% sand, 30% fine sand and 40% mud (approximation from Gregoire, 2016).
The basement is located below this initial sediment layer and is not erodible. The basement is
presumed to be coarse continental sediment at the beginning of sediment infilling in the Bay of Brest
9 000 years ago (Gregoire, 2016). The skin roughness is assumed to be uniform and constant for all
simulations, and equal to 1 mm, corresponding to a seafloor of coarse sediment. The choice of a
uniform roughness length helps not to produce misleading flow patterns with a poorly validated
parameterisation and facilitates the comparison between scenarios. The erosion flux (E) for sands and
mud is expressed in a “Partheniades-Ariathurai” form (Nielsen, 1992):

T

Eq. 9: Esqnas = EOs (_ - )n

Tc;
Eq. 10: E,ppq = EO,, (% - 1)

with EO the erodibility for mud (EOm) or sands (EOs), T the bottom shear stress, tc; the critical shear
stress for erosion (Tab. 4) and n a power coefficient applied to excess erosion (= 1.5, according to van
Rijn, 1994). A linear interpolation between sand and mud behaviour is used, depending on proportions
of the mixture. Net sedimentation is driven by the excess of shear stress induced by the water flow on
the seafloor, according to Krone's law:

Eq. 11: D; = Ws;C;(1 — —)
Tdi
With, for each sediment class i, D;, sedimentation rate, Ws; settling velocity (mud=5*10"3m.s 71,
sand values are calculated from Soulsby, 1997), C; concentration in suspension (g.I") and td; critical
shear stress for deposition (N.m™2).

The value of 7d; is set very high for sands (1000 Pa) to allow full deposition, and rather high for mud
to prevent its deposition when the bottom layer is very turbulent, as consolidation processes are not
explicitly accounted for (Tab. 4). The primary consolidation of sediments is then disabled for the sake
of computing costs, and secondary consolidation is neglected, in agreement with the short duration of
simulations, which is much shorter than diagenetic processes duration, responsible for the long-term
consolidation of sediment. Simulations are morphodynamic, which means that seafloor elevation is
recomputed according to the erosion and deposition fluxes calculated. Simulations are carried out for
a two-year period, but only the second one is analyzed. One year of spin-up is set to initialize the
surface sediment dynamic and avoid the recording of artificial movements. Initializing hydrodynamics
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takes a few days, but tidal currents need months to redistribute sediments which were initially
uniformly distributed. The year of spin-up allows to initialize the surficial grain-size distribution, in
agreement with the hydrodynamics of the time (for each scenario), in a context where the shape and
nature of the bottom surface layer is uncertain.

Tab. 4: Hydro-sediment model parameter settings

Hydro-
semdlor'r;zrt 7c; (Pa) Olivier et al., 2021 EO; td; (Pa)
parameters
fine
mud sand | gravel | mud | sands | mud | sands
Values sand
0,1 | 0,147 | 0,541 | 2,072 | 0,003 | 0,01 1 1000

5.2.5 Sediment supply calibration

To calibrate sediment supply, the only quantitative information available for the Bay is the
volume of preserved deposits for each sedimentary unit, which is calculated from thickness maps. For
each sedimentary unit, the positive balance between deposition and erosion for each grain-size class
is recorded, i.e. when the quantity deposited is greater than the quantity eroded (preserved deposits).
For example, sand deposits can be recorded where there is mostly mud erosion. However, the
evolution of hydrodynamic conditions can erode the sedimentary units a long time after their
deposition. The amount of deposit eroded by subsequent hydro-sedimentary dynamics cannot be
quantified and constitutes the greatest uncertainty in the study of past sediment systems. The
calculated volume only accounts for the preserved part of sediment deposits, as the reworked fraction
within sedimentary units is unknown.

For comparison with simulations over one year, the volumes of sedimentary units are converted into
mean sedimentation rates over the Bay, depending on each sedimentary unit time span (Eqg. 12, Tab.
5). Sedimentation rates therefore rely on the sediment volume calculated from the thickness map of
each unit, based on the seismic interpretation, and filling chronology of the Bay (Gregoire, 2016, Fig.
68).

volume (m?3)

Eq.12: Ux = = sediment rate (m3 /years)

deposit time—interval (years)

Tab. 5 : Preserved sedimentation rate calculated from seismic unit volumes and ages.

U1 (9 to 7 ka BP) U2 (7 to 3 ka BP) U3 (2 ka BP to present-day)

136.2 103 m3/y 44,1 %103 m3/y 75.6 x 103 m3/y

For each scenario, the calibration of sediment supply is based on the comparison between the sum of
positive balances (quantity of sediment gained minus quantity lost) of each sediment class in the model
and the preserved sedimentation rates calculated from the sedimentary record (see above, Tab. 5). If
the modelled balance is negative for a given size class (erosion larger than deposition), it does not
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contribute to net sedimentation, and consequently is not accounted for in the calibration of sediment
supply.

In the model, sediment inputs from rivers and at oceanic borders were considered. However, only the
present-day, and so human-influenced, fluxes of fine suspended sediments in upstream rivers (Aulne,
Elorn and Mignonne) are approximately known (section 2.2, Tab. 6, scenario 4). Other studies have
highlighted the potential climate-change impact on river discharge over the last 9 000 years (Fernane,
2014; Lambert, 2017; Penaud et al., 2020), but mainly qualitative information is available (section 2.2).
Hardly any information is available for oceanic inputs, even at the present day. To overcome these
uncertainties, oceanic border supply was calibrated with the present-day context (scenario 4), when
the mean river discharges and concentrations of suspended matter are approximately known. In fact,
in the modelling frame, the sediment concentration for each class was set only when water entered
the computational domain, while water exchanges at the open sea boundary were computed by the
model. Simulated sediment fluxes at the open sea boundary result from these “calibrated”
concentrations and computed water fluxes. The calibration procedure was as follows. First, a mass
balance was made between the beginning and the end of the second year, for each grain-size class
(area similar to the available seismic coverage, Fig. 69, Tab. 7). Then all positive values were summed
and the result was converted to volume using the classic medium sediment density 1600 kg/m?3 (before
any compaction or diagenesis processes, Tab. 7), and compared with the sedimentation rate calculated
from sedimentary records (Tab. 5). To calibrate the suspended sediment concentration at the sea
boundary, a trial and error method was used, meaning that several two-year simulations were run
until the annual simulated net deposition rate was close to the annual rate deduced from the
preserved sedimentary unit volume.

For the other three scenarios (1, 2 and 3), sediment availability is assumed to be constant at oceanic
boundaries during the Holocene. During this long interval, the whole section of the sea boundary
varied considerably, particularly in relation to sea-level changes. Tidal currents were likely to vary
simultaneously. The hydrodynamic model is expected to predict these changes, assuming that topo-
bathymetry remained constant in the area throughout this period. The availability of sediment is
assimilated to the mass in suspension within the sea boundary, which constitutes a strong assumption.
For each scenario, the suspended sediment concentration of each sediment class at the oceanic
boundary was deduced from the corresponding calibrated value for the present-day scenario, inversely
proportional to the average section of the boundary (Tab. 6).

Then, past scenarios were calibrated by modifying river water discharge to obtain similar annual
sedimentation rates for simulations and seismic units, using the same calculation as in scenario 4. To
avoid poorly parameterized annual variations for past river regimes, suspended matter and river water
discharge were set as constant over the simulations. Mean values based on present-day data from
DREAL Bretagne, were considered for all scenarios (Tab. 6, scenario 4). For scenarios 1, 2 and 3, a
multiplicative factor was applied to the present-day mean water discharge of the rivers to obtain the
same sedimentation rate as that calculated from sedimentary records (Tabs. 8 and 9). For each
simulation, the global volume of simulated deposits is therefore equivalent to the annual deposited
(and preserved) volume of the corresponding sedimentary units: U1 (scenarios 1: 9 to 7.5 ka BP and 2:
7.5 to 7 ka BP), U2 (scenario 3: 7 to 3 ka BP), U3 (scenario 4: 3 ka BP to present-day, Tabs. 7 and 9).
However, scenarios 1 and 2 are calibrated together as they represent the same sedimentary unit (U1),
assuming a stronger river discharge during scenario 1 than in scenario 2 (see section 2.2). Their
calibration (scenarios 1 and 2) results in the weighted average of both simulations, based on deposition
chronology, compared to Ul annual sedimentation rate (Tabs. 7 and 9). The four calibrated simulations
are presented in section 3.
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Tab. 6: Hydro-sediment model forcing settings.

Scenario (Sc),
r:jviscrr:"::;ir River water discharge (m3.s~1) | River suspended matter (g.1™1) Oceanic border concentration (g.[™1)
multiplicative
factor (*x) | Aulne | Elorn Mignonne Aulne | Elorn Mignonne mud fine sand sand gravel
Sc 1*10.9 327 109 16,35 0,2 0,1 0,08 1,07E-02 | 6,89E-04 | 3,44E-04 | 3,44E-04
Sc 2*4 120 40 9 0,2 0,1 0,08 4,31E-03 | 2,78E-04 | 1,39E-04 | 1,39E-04
Sc 3*2 60 20 3 0,2 0,1 0,08 3,58E-03 | 2,31E-04 | 1,16E-04 | 1,16E-04
Sc 4*1 30 10 1,5 0,2 0,1 0,08 3,10E-03 | 2,00E-04 | 1,00E-04 | 1,00E-04

Note Tab. 4: Water fine sediment concentration = 500 (g.I)

Tab. 7: Mass balance of gains and losses over 1 year of the four granulometric classes and the four scenarios (Sc). The
balance is computed over an area of extension similar to seismic records (see Fig. 69).

Volume Volume
Scenario (Sc) mud (kg/y) | fine sand (kg/y) |sand (kg/y) | gravel (kg/y) | total (kg/y) simulated recorded
(m3/y) (m3/y)
Sc1 1.30*108 1.40*108 8.63*10°% | 3.49*10° 2.83*108 176.6 x 103 -
Sc2 5.48*107 -7.74*10° -2.81*10% | -1.65*10° 5.48*107 34.2 %103 -
Sc1+Sc2(U1) - - - - - 141.0 x 103 | 136.2 * 103
Sc3(U2) 7.18*107 -2.96*107 -7.12*10° | -3.17*10° 7.18*107 449%10% | 44.1%103
Sc 4 (U3) 8.90*107 3.27*107 -5.56*105 | -3.41*10% 1.22*108 76.1 %103 | 75.6 % 103

Note Tab. 7: sc 1 + sc 2 = Weighted average between scenario 1 (beginning of U1) and scenario 2 (end of U1) = (176.6%
103*1500/2000) + (34.2* 103*500/2000). Ponderation based on deposition chronology, i.e. beginning of U1 deposition: 9
ka to 7.5 ka (BP) and end of U1 deposition: 7.5 ka to 7 ka (BP).
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Fig. 69: (a) Location map of all seismic profiles used in this study (from Gregoire et al., 2017). (b) Location map of gravity-
cores used in this study (sections 2.6. and 3.). Black line represents the seismic profile presented in section 2.6 and grey lines
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the seismic profiles available in supplementary material. The brown dashed rectangle is the area considered by mass
balance calculation (Tab. 7).

5.2.6 Comparison between simulations and sediment data

No hydrodynamic data is available for past stages of the bay of Brest infilling in order to
validate the simulated hydrodynamics. To overcome this lack of validation for past scenarios,
simulation results were compared to observations from sedimentary cores and thickness maps.
Thickness maps provide the global distribution of preserved sediment deposits of each sedimentary
unit and core observations provide the deposit composition (grain size). For each scenario, a
comparison was made between the simulated bathymetric evolution and the thickness map of the
corresponding sedimentary unit (section 3 and section 4). This allows to compare global trends of
erosion and deposition simulated with in-situ measurements, which are the preserved deposits of each
sedimentary unit (global seismic interpretation made by Gregoire, 2016). To compare the simulated
grain-size distribution with our data, 10 cores obtained during the SERABEQ-03 campaign (Ehrhold and
Gregoire, 2015) are described in this study (Fig. 69 and Tab. 8).

Tab. 8: Summary of core information and observations

from SERABEQ 3 (Ehrhold
Ks 27 |Ks 34 |Ks 35|Ks 38|Ks 39|ks 40|Ks 41|Ks 43 |Ks 44(Vz 31
and Gregoire, 2015)

longitude -4.4774 | -4.3637 | -4.4078 | -4.4804 | -4.5168 | -4.5229 | -4.4655 | -4.4703 | -4.4626 | -4.4708
latitude 48.3032 | 48.2999 | 48.3126 | 48.2996 | 48.3128 | 48.3219 | 48.3662 | 48.3507 | 48.3620 | 48.3518
length (m) 1,68 2,64 3,31 3,52 3,55 3,57 2,14 3,6 3,31 2,64

Grain-size classes
U3 FSandS [Mand FS|M and FS|M and FS{M and FS| Sand G [FSand G S FSand S FS
observed:

M: muds; FS: fine uz2 M S M and S FS Mand S - M - MandFS| FS

sands; S: sands; G:

gravels ul - M |MandFS| M M M - M |MandFS

These cores reached the oldest sedimentary units possible. The correlation between cores and
sedimentary units is based on seismic and facies interpretation rather than shell dating, which is
uncertain in estuaries because of the intense recycling induced by tide. However, the resolution
difference is significant: seismic resolution is around 0.3 to 1 m and core resolution is centimetric.
Limits between sedimentary units were set more precisely thanks to facies interpretation (e.g. Fig. 70
and all cores available in supplementary material). Observations are simplified to correspond to the
same grain-size classes as used in the simulations: “mud” is for clay to silt and clay, “fine sand” is for
silt to fine sand “sand” is for medium to coarse sands and larger grain size corresponds to “gravel” (Fig.
70 and Tab. 8). As our simulations aim to be representative of the main sediment dynamics over large
time intervals, only preponderant grain-size classes are considered and not isolated variations (e.g. a
small local gravel record). Even if some energetic events (such as storms) can have local effects,
observable in the sediment (Ehrhold et al., 2021), they are not representative of main hydro-sediment
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dynamics induced by tide and are not simulated here. This is why only the dominant and homogeneous
part of the deposits was considered. Cores can testify to the presence of one or two grain-size classes
for each sediment unit. For example in core Ks_39, U1 consists mainly of mud and two small fine sand
layers (Fig. 70). These two layers are not representative of U1 at this location and were therefore not
taken into account for validation (Fig. 70 and Tab. 8). For U2, the main components are mud and sand
(Fig. 70 and Tab. 8). For U3, the two fine gravels layers were not taken into account and only mud and
fine sands were selected (Fig. 70 and Tab. 8).
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The validation of scenarios 1 (beginning of U1) and 2 (end of U1) differ slightly from the two other
scenarios. Both represent the same sedimentary unit, but the chronology inside sedimentary units is
unknown. Observed deposition of U1 may happen during scenarios 1, or 2, or both (e.g. Fig. 70). The
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same core observations are used for these two scenarios and are therefore validated together. This
means that scenario 2 must explain the deposition observed in cores or must not show erosion if the
corresponding grain-size classes were already deposited in scenario 1 (or less erosion than the quantity
previously deposited).

Core observations were compared to the distribution of grain-size classes simulated after one year.
The objective is to verify the global distribution of grain-size classes. The aim of these comparisons is
to verify the global simulated trends, and not the local details of deposition variations that could be
linked factors other than tidal hydrodynamics (e.g. gravity flow, bioclastic accumulation, a
meteorological event).

5.3 Results

Part 3 presents simulation results by showing the bathymetric evolution and distribution of
grain-size classes after one year for each scenario. They are respectively compared to thickness maps
and core observations. Scenarios are presented in chronological order (the oldest to the youngest).
Note that a percentile 90 of bottom current velocity over one year (displayed with main flow directions
for ebb and flood tides) is available in supplementary material for each scenario (full hydrodynamic
analysis and model set-up is available in Olivier et al. 2021).

5.3.1 Scenario 1: start of U1 (9 000-7 500 years BP)

As the sea-level rises quickly during deposition of U1, this unit is represented by two different
scenarios. The sedimentary records should therefore result from the succession of scenario 1 and
scenario 2 hydro-sediment dynamics. The bathymetric evolution after one year of scenario 1 shows
that most of the deposits are located over T2, over the widest parts of the main channel (T1) and,
towards the Elorn river, T1 entirely undergoes sedimentation (maximum around 0.05m, Fig. 71). Areas
suffering erosion are only the narrowest parts of the main channel and rare locations of T2. The
simulated bathymetric evolution and the thickness map of Ul only fit over T1 (Fig. 71). T3 is still
continental during this first scenario and there is therefore no tidal deposition there. A significant
thickness is simulated over T2 during the beginning of U1, but none are preserved in sedimentary
records (inset map of Fig. 71).
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Fig. 71: Bathymetric evolution after 1 year for scenario 1 (9 k. BP). Red lines are morphological domain limits (T1, T2 T3) and
the black line is the present-day coastline. Grey lines represent the mean sea-level (-26 m). The inset map is the thickness
map of U1 modified from Olivier et al. (2021).

The erosion/deposition patterns are very different between grain-size classes in scenario 1: mud is
eroded in the entire subtidal zone (T1) and deposited on T2 terraces (intertidal, maximum around 30
kg/m?, Fig. 72a). At each core location or very close (one cell of the computation grid) where muds are
observed, mud deposits are simulated (Fig. 72a, Tab. 8, Ks_34, Ks_35, Ks_38, Ks_39, Ks_40, Ks_43 and
Ks_44). Core observations are in agreement with mud deposits simulated on slopes between T2 and
T3. All non-cohesive sediment classes (fine sand, sand and gravel) are mostly present over T1, only
some fine sands are present in secondary channels and reach some areas of T2 (Figs. 72b, 72c, 72d).
Unfortunately, cores are available mostly at the interface between T2 and T3. However, two cores
present fine sand accumulations (Ks_35 and Ks_44) and no fine sand deposit is simulated at the
beginning of U1 at these locations (Fig. 72b).
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Fig. 72: Grain-size class evolution after 1 year for scenario 1 (9 ka BP): a mud, b fine sand, c sand, d gravel. Black circles
indicate locations where the corresponding grain-size class were recorded by cores. Core names are available in grey. Grey
lines represent the mean sea-level and red lines are morphological domain limits.

5.3.2 Scenario 2: end of U1 (7 500 — 7 000 years BP)

During scenario 2, the bathymetric evolution simulated is coherent with the thickness map of
U1 (Fig. 73), with most of the deposits over T3, on slopes between T3 and T2 (maximum around 0.04m,
Fig. 73) and some accumulations located in the deepest parts of T1 (in the centre and to the north of
the central area,). Most of T2 domain and T1 in the upper part do suffer erosion (maximum around -
0.02m over T2, Fig. 73).
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During scenario 2 (end of U1), mud deposits are simulated only over T3 and on slopes between T2 and
T3 (between 5 and 20 kg/m?, Fig. 74a). All the cores presenting mud records (Fig. 74a, Ks_38, Ks_39,
Ks_40, Ks_43 and Ks_44) are located where mud deposits are simulated, except for Ks_34 and Ks_35.
At Ks_34 and Ks_35 locations, the balance between erosion and deposition is close to O (Fig. 74a), but
mud deposits are simulated during scenario 1 (Fig. 74a). If no erosion is simulated during scenario 2
(end of U1), deposits from the beginning of Ul (scenario 1) should be preserved and are indeed
observed inside cores (Ks_34 and Ks_35). In the centre of the bay, non-cohesive sediments are
remobilised mostly from T2 towards T1 and for fine sands also towards T3 (Figs. 74b, 74c, 74d). Cores
on slopes between T2 and T3, do corroborate this simulation result as they display only mud and fine
sand. Fine sand deposit is observed in Ks_44 and is simulated close to the ks_44 location. In the upper
area, slight movements of sand and gravel are simulated over T1 and secondary channels, but over
these areas, only fine sands are deposited in significant quantity (around 5 kg/m?, Figs. 74b, 74c, 74d).
Fine sands are observed inside core Ks35, which is located in a secondary channel in the upper area
(Fig. 74Db). Deposits simulated in T1 are impossible to confirm by field data as no cores are available in
this morphological domain. However, the seismic facies were interpreted as coarse sediments
(Gregoire, 2016) and would therefore corroborate the simulation results.
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Fig. 74: Grain-size class evolution after 1 year for scenario 2 (7.5 ka BP): a mud, b fine sand, ¢ sand, d gravel. Black circles
show where the corresponding grain-size class were recorded by cores. Core names are available in grey. Grey lines
represent the mean sea-level and red lines are morphological domain limits.

5.3.3 Scenario 3: U2 (7 000 — 3 000 years BP)

At this stage, erosion is mainly located over T2 in the central part and in the strait between
Plougastel-Daoulas and Lanvéoc (maximum -0.03m, Fig. 75). Simulated deposits are located over: T3,
the slopes between T2 and T3 in the central area (maximum 0.04m), and most of the upper area (T1
to T3, around 0.01m, Fig. 75). The thickness map of U2 displays the same patterns: no deposit is
preserved over T2 in the north of the main channel and the north of Lanvéoc, and accumulations are
recorded over the rest of the Bay (inset map, Fig. 75).
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Fig. 75: Bathymetric evolution after 1 year for scenario 3 (7 ka BP). Red lines are morphological domain limits (T1, T2 T3) and
the black line is the present-day coastline. Grey lines represent the mean sea-level (-5 m). The inset map is the thickness of
U2 modified from Olivier et al. (2021).

At 7 000 years (BP), mud deposits are simulated over T3, on slopes between T2 and T3, and over most
of the upper area (Fig. 76a). Mud deposits are recorded in Ks_35, but the two cores available in the
upper part also display sands (Ks_34 and Ks_35, Fig. 76¢). Mud deposits are also observed in cores
Ks 27, Ks_39, Ks_41 and Ks_44 in the centre (Fig. 76a), where mud deposits are simulated. Non-
cohesive sediment erosion (and thus transport) is simulated mostly over T2 and deposition is simulated
at the edges of the same morphological domain: on slopes between T2 and T3 (mostly fine sands, 5 to
10 kg/m?, Fig. 76b) and T1 (maximum 15 kg/m? for fine sands, Fig. 76b). Observations of cores Ks_38,
Ks_44 and Vz_31 also show fine sands on slopes between T2 and T3 and fine-sand deposits are
simulated close to the three core locations (Fig. 76b). Ks_39 reveals the presence of some sand on the
slope between T2 and T3, but very few deposits of sand are simulated close to core Ks_39 (Fig. 76c,
less than 1 kg/m?).
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Fig. 76: Grain-size class evolution after 1 year for scenario 3 (7 ka BP): a mud, b fine sand, c sand, d gravel. Black circles show
where the corresponding grain-size classes were recorded by cores. Core names are available in grey. Grey lines represent
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5.3.4 Scenario 4: U3 (2 000 years BP - Present-day)

During scenario 4, erosion patterns are mainly located over T2 (maximum -0.04 m, Fig. 77),
over T1 in the upper part and towards the mouth of the Aulne river (<-0.01 m). Depositional areas are
over T3 (maximum 0.04 m, Fig. 77) and T1 in the centre (maximum 0.05 m, Fig. 77). Important deposits
are also simulated on slopes between T3 and T2 east of Lanvéoc (maximum 0.03 m, Fig. 77). There is
one major difference between the bathymetric evolution simulated and the thickness map of U3:
simulated deposits are located mostly over T1 and T3 in the centre (Fig. 77) whereas seismic data
interpretation describes some deposits also over T2 (inset map, Fig. 77).
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Fig. 77: Bathymetric evolution after 1 year for scenario 4 (present-day). Red lines are morphological domain limits (T1, T2
T3) and the black line is the present-day coastline. The inset map is the thickness of U3 modified from Olivier et al. (2021).

During U3, cohesive sediments settle mostly over T3 (around 1 to 15 kg/m?, Fig. 78a) and non-cohesive
sediments at the edges of T2 domains (T1 mostly and slopes between T2 and T3, fine sands: maximum
> 30 kg/m?, sands: maximum 5 kg/m?, gravels: maximum 2 kg/m?, Figs. 78b, 78c, 78d). Muds are
observed only in Ks_35, Ks_38, Ks_39 (T3) and Ks_34 (T2), but at the Ks34 location, no mud deposit is
simulated. Fine-sand deposits are simulated close to cores that also show fine-sand grain size (Fig. 78b,
Ks 27, Ks_34, Ks_35, Ks_38, Ks_39, Ks_41, Ks_44, Vz_31). Sands simulated and observed in cores
(Ks_27, Ks_40, Ks_43, Ks_44) also make a good match, even if small quantities are simulated at these
core locations (around 1 kg/m?, Fig. 78c). Also note that two cores (Ks_40 and Ks_41) show gravel
deposit that is not simulated, close to T1 in the north of the central part and on slopes between T2 and
T3 in the south (Fig. 78d). The presence of consequent gravel deposits in two cores is unexplained by
the tidal process and should be discussed.
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Fig. 78: Grain-size class evolution after 1 year for scenario 4 (present-day): a mud, b fine sand, c sand, d gravel. Black circles
show where the corresponding grain-size classes were recorded by cores. Core names are available in grey and red lines are
morphological domain limits.

5.4 Discussion

5.4.1 Holocene reconstruction

The numerical simulations of the four scenarios allow to make a reconstruction of hydro-
sediment pattern evolution for the three sedimentary units Ul to U3 over the last 9 ka. At the
beginning of U1 deposit (9 ka BP) sea-level is 26 metres lower than present-day level (intertidal area
over T2 terraces). Main deposition takes place over T2 and within the main channel in the upper zone
(Figs. 79a and 79b). Then, at the end of U1 deposition (7.5 ka BP), sea-level reaches 10 metres below
present-day level, shifting the intertidal area from T2 (scenario 1) to T3 (scenario 2). Bottom current
velocities over T1 decrease with increasing depth and the highest velocities are then observed over T2
(Olivier et al., 2021 and supplementary materials). Tidal currents no longer follow the shape of the
main channel in the central area. The distribution of main currents is largely influenced by strait
morphology in the east (ebb) and west (flood) of the central area, that orientates water fluxes (Olivier
et al., 2021). This results in the formation of a clockwise gyre in the centre of the bay. Tidal currents
induce strong erosion of the initial sediment layer (especially mud): most of the sediment deposited
during scenario 1 is reworked (over T2 and T1 towards the Aulne mouth, Figs. 79a to 79d). The
sediment dynamic simulated for scenario 2 explains the absence of most of scenario 1 deposits from
sedimentary records. The beginning of U1 (scenario 1: 9 to 7.5 ka BP) is almost not preserved, except
over T1 and mud deposits over slopes between T2 and T3 in the centre of the Bay. Sedimentation
during scenario 2 mainly occurs over T3 (mud), in the centre of the bay over the slopes between T2
and T3 (mud and fine sand) and over T1 (fine sand and sand, Figs. 72, 79c and 79d). The simulated
bathymetric evolutions of scenarios 1 and 2 are consistent with U1 thickness map, in the same way as
the distribution of grain-size classes with core observations. This demonstrates that sedimentary
records of U1 mainly testify to the end of U1 hydro-sediment dynamic (scenario 2: 7.5 to 7 ka BP). The
beginning (scenario 1: 9 to 7.5 ka BP) is almost unpreserved (Fig. 79a to 79d).
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U2 deposition takes place between 7 ka and 3 ka (BP, scenario 3) with sea-level five meters below the
present-day level. Most of the T3 terraces are then located in a subtidal domain and ebb and flood tide
distributions are different in the upper area (ebb T3 and flood T1, Olivier et al., 2021). Simulation
outputs and sedimentary records (thickness map and cores) display the same trends throughout the
Bay: main sedimentation over T3, the slopes between T2 and T3, T1 in the centre (Fig. 79¢), and over
most of the upper area (Fig. 79f). Between U1 and U2 the hydro-sediment patterns are similar in the
centre, but very different in the upper zone (Fig. 79d and 79f). Between scenarios 2 and 3 sea-level
rises by only five metres, while most T3 terraces become subtidal. The subtidal area increases
substantially in comparison to the amplitude of sea-level rise (Fig. 81e). The active flow section width
(i.e. the section on which incoming and outgoing water to/from upstream areas flow) increases greatly,
(only T1 and T2 in scenario 2, and T1, T2 and T3 in scenario 3). This results in weaker currents in the
upper area than in the previous scenario (end of U1, Olivier et al., 2021) and it allows the deposition
of mud in all morphological domains in the upper area (Figs. 79a and 79f). However, we observe a
difference of maximum sediment rate between simulations and sedimentary records over T1 and T3
in the centre: the largest sediment thicknesses observed are located over T1 (Fig. 79e), but the largest
thicknesses simulated are over T3 and over the slopes between T2 and T3 (Fig. 79e). In the centre (T1
and T2), deposits are made mostly of sands and fine sands (without mud), while over T3, deposits are
mainly mud (Fig. 76). This suggests that during U2 deposition, larger volumes of fine sands and sands,
and a smaller volume of mud were available than during U1 deposition (scenarios 1 and 2). Sediment
supply probably changed between Ul and U2. This hypothesis is supported by the good correlation
between erosion/deposition patterns simulated and sedimentary records (Figs. 75 and 76), but further
simulations would be needed to confirm sediment supply evolution.

During deposition of the last sedimentary unit U3 (scenario 4), sea-level remained close to present-
day level. In this configuration, T3 terraces are subtidal and only a few intertidal areas are observed
within the Bay of Brest. Between scenario 3 and 4, sea-level rises by five metres, while the subtidal
area in the Bay remains similar (there are few new subtidal areas close to the rivers mouths, especially
the Aulne one). The active flow section width remains similar and the water volume transported by
the tide through the active flow section increases. More intense currents characterise the upper area
compared to scenario 3 (Olivier et al., 2021). During scenario 4, currents prevent mud deposits over
T1 domain in the upper area, which was covered by mud during scenario 3 (Figs. 76a and 78a). The
bathymetric evolution of scenario 4 and the thickness map of U3 are consistent over the upper area
and over T1 and T3 in the centre (Figs. 79g and 79h). However, the thickness map displays U3 deposits
over T2 in the centre (Figs. 77 and 79g). As no core is available over T2, observations only rely on
seismic interpretation. The hydro-sediment dynamic simulated over T2 remains unchanged from
scenario 2 to 4 in the centre (7 500 years BP, gyre formation): muds are removed from T2 and T1
towards T3 and non-cohesive grain-size classes are mostly transported over T2. This suggests that the
sediment deposits interpreted for U3 over T2, could be non-cohesive sediments frequently reworked
over the last 7 500 years. This hypothesis is supported by present-day grain-size classes and sediment
structure distribution maps (Gregoire et al., 2016), which reveal that T2 terraces in the centre are
either mostly covered with coarse sediments, or not covered, and many active sediment structures
have been identified over the same area (e.g. sand ridges, comet tails). Taking into account the
simulated dynamics (scenarios 2, 3 and 4) and observations from Gregoire (2016), sediment thickness
(ranging from 1 to 5 m) over T2 terraces (U3, Figs. 77 and 79g) probably correspond to non-cohesive
sediments reworked over the last 7 500 years.
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Fig. 79: Cross-section of sedimentary unit thicknesses (black line top of U0, purple line top of U1, orange line top of U2 and
blue line top of U3) compared to simulated bathymetric evolution over 1 year, in the central area (a: scenario 1, c: scenario
2, e: scenario 3, and g: scenario 4) and in the upper area (b: scenario 1, d: scenario 2, f: scenario 3, and h: scenario 4). Inset
maps show the locations of cross-sections. Grey lines represent the highest free surface level (HT: Highest Tide) and the
lowest free surface level (LT: Lowest Tide).

Global trends of erosion/deposition patterns between simulation and data fit well. However,
punctually simulation outputs and geological data mismatch: sand observations (Ks_34 and Ks_35) in
the upper zone during scenario 3 (Fig. 76) and gravels (Ks_40 and Ks_41) in the centre during scenario
4 (Fig. 78) remain unexplained by simulations. Simulated tidal currents are not able to transport sands
and gravels at these core locations, and therefore it is impossible to link the deposits to tide-induced
hydrodynamics (Olivier et al., 2021, Figs. 76 and 78). They are potentially due to non-simulated
extreme events, such as river flooding, storm winds, or gravity movement. Such energetic events
should be able to transport coarse sediments into the Bay, without later remobilisation by too weak
tide-induced currents. They should therefore be recorded in the cores (unless they reach T2 in the
centre, which is the only morphological domain where tidal currents can transport sands and gravels
during scenarios 2, 3 and 4). Ehrhold et al. (2021) observed storm patterns within some sedimentary
facies of units U2 and U3 that may correspond to the coarsest deposits we also observed. Such deposits
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cannot be simulated in our scenarios, as river flooding or storm winds (unknown for past stages) are
not parameterized in our simulations. However, the presence of these coarse sediments underlines
the importance of climatic variations on sediment supply in estuaries. Even anthropic variations, such
as infrastructure constructions (dams, harbour...), or dredging, can influence sediment deposits and
potentially the deposits of U3 (2 000 years BP to the present-day, Ehrhold et al., 2016; Gregoire et al.,
2016).

5.4.2 Sediment supply

5.4.2.1 Holocene river evolution

Previous studies have explored the Holocene climatic evolution within the Bay of Brest and on
a larger scale over northern and western Europe, mainly relying on pollen data (e.g. Fernane, 2014;
Lambert, 2017). We will discuss here the main conclusions of these studies combined with our own,
which are mainly qualitative observations on the evolution of climatic parameters (e.g. temperatures,
vegetal covering, precipitations, humidity...). Three main climatic time intervals are highlighted by
previous studies at the temporal scale of our scenarios: 11.7 to 8.2 (ka BP, scenario 1); 8.2 to 4.2 (ka
BP, scenarios 2 and 3); 4.2 (ka BP) to the present-day (scenario 4):

-From 11.7 to 8.2 ka BP, the climate was colder than at present-day and a strong land runoff is
inferred, due to poor vegetation (periglacial environment, Lambert, 2017).

-From 8.2 to 4.2 ka BP, the Holocene climatic optimum occurred and was characterised by a
warm time interval (Koshkarova and Koshkarov, 2004), during which vegetation in the
watershed of the Bay of Brest significantly expanded (Lambert, 2017). The time interval is also
associated with an increase in precipitations in northern Europe (Seppa and Birks, 2001; Bjune
et al., 2005), particularly at the beginning of the time interval (Berger and Guilaine, 2009) and
within the interval 6-5 ka (BP, Moijtahid et al., 2013). Penaud et al. (2020) suggest that the
stronger humidity is linked to the North Atlantic Current, which may have amplified seasonal
continental humidity in western France during the Holocene climatic optimum.

-From 4.2 ka BP to the present-day, the climate has become colder than the previous time
interval (Berger and Loutre, 1991), but warmer than the first one. Due to human activity
(mainly agriculture), deforestation is increasing runoff from the land (Lambert, 2017; David et
al., 2022) and, consequently, sediment concentration in rivers. Precipitation slightly decreases
in comparison with the previous time interval in northern Europe (Seppa and Birks, 2001; Bjune
et al., 2005). Moreover, during the time interval 3.3 to 2.4 ka (BP), the Loire River transport
capacity (a major river in western France) declines (David et al., 2022).

Note that evolutions of these parameters were highlighted at shorter time scales than the ones
discussed here and cannot be compared with the time intervals studied here. For example,
cyclicity between a dry and wet period of ~1500 years is highlighted in western Europe by
Smith et al. (2016) during the Holocene; or David et al. (2022) noticed an increase in the Loire
River transport capacity within the deposition time interval of U3 (2 ka to present-day), but it
cannot be linked to our simulation of scenario 4, as it is supposed to be representative of the
whole of deposition of U3.

To summarize environmental and climatic evolution at the time scale of our scenarios, the Bay of Brest
undergoes: more precipitation during scenarios 2 (7.5 - 7 ka BP) and 3 (7 - 3 ka BP) and less land runoff
than during scenario 1 (9 - 7.5 ka BP); less precipitation in scenario 4 (2 ka - present-day) and more
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land runoff than during the two previous scenarios. Each time that precipitation increased, the land
run runoff decreased and conversely. In a qualitative way, we could imagine that these two
components would compensate each other and finally trigger no variations in sediment supply. We
know that river profiles decreased significantly during the Holocene transgression (-26 to 0 m), which,
in turn, means a decrease in potential energy (i.e. difference in elevation) between the top of rivers
and the Bay and thus a decrease in river current velocities. This implies that river sediment supply
should decrease from scenario 1 to 4. It is consistent with simulations, where a trial and error method
was applied to determine boundary conditions and sediment fluxes from the rivers. The multiplicative
factors (scenario 1to 4: 10.9, 4, 2, 1) obtained on river water discharge through time are almost a ratio
of sea-level variations between scenarios (scenario 1 to 4: -26, -10, -5, 0 m) and show a general
decrease. The obtained river water discharge (in order to simulate a realistic volume for each scenario)
led to river discharge in agreement with the idea of a sediment flux reduction linked to the slope
reduction of rivers.

The evolution of river sediment supplies in the Bay of Brest is linked to the evolution of river profiles
at first order (linked to the evolution of sea level). However, at a finer temporal scale, other parameters
(e.g. precipitations, vegetal covering) could be key factors in sediment supply evolution.

5.4.2.2 Impact of sediment sources (boundary condition)

The parameterisation of past sediment supply is a challenge, given the number of unknown
parameters. However, the impact of different sediment sources is one of the most important issues in
understanding coastal basins. To assess the influence of sediment sources in the Bay of Brest, three
additional simulations were performed for each scenario. All have the same parameterisation as
simulations presented in section 2, but without the initial sediment layer. The four scenarios are
simulated without river input (Fig. 80al and 80b1), or without input from the oceanic border (Figs.
80a2 and 80b2), or with both sediment sources. The aim is to explore the impact of continental and
oceanic sources, in terms of amount and distribution of sediment supply within the Bay.
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Fig. 80: Simulated bathymetric evolution of the Bay of Brest after one year. al: Scenario 1 without initial sediment and
without river water discharge. b1: Scenario 4 without initial sediment and without river water discharge. a2: Scenario 1
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without initial sediment and without oceanic border input. b2: Scenario 4 without initial sediment and without oceanic
border input.

The sedimentation induced by river sediment inputs is mainly concentrated over T1 and close to the
Elorn and Aulne mouths (Figs. 80a2 and 80b2), while the sedimentation induced by oceanic sediment
inputs are more largely distributed throughout the Bay (Figs. 80al and 80b1) and in greater quantities
for scenarios 1 and 4. The same observations are made for scenarios 2 and 3 and thus only scenarios
1 and 4 are displayed (Fig. 80). Simulations with only oceanic inputs display the same global deposition
pattern as the genuine scenarios, with an initial sediment layer in the Bay and river inputs (section 5.3,
Figs. 71 and 77, to compare with Figs. 80al, 80b1).

Simulations without river or oceanic inputs, are compared to those with both sediment sources to
quantify the respective influences of sources on simulations (see computational limits Fig. 69). Oceanic
inputs represent 55%, and rivers inputs 26% of the quantity deposited in the simulation with both
sediment sources during scenario 1, 62% and 9% during scenario 2, 89% and less than 1% during
scenario 3, 94% and less than 1% during scenario 4. The river influence on the amount of sediment
supply decreases during the Holocene, because of the evolution of the multiplicative factor used on
river fluxes between scenarios. The weighted average along the deposition time interval of the three
units (Fig. 68) shows that oceanic inputs represent 82% of sediment supply during the Holocene (9 ka
BP - present-day), against less than 6% for river inputs.

The methodology applied to calibrate sediment inputs presents three weaknesses. (i) In this study only
river water discharges are modified, but suspended matter concentration can be modified too. In
theory, the decrease in potential energy should lead to a decrease in river current velocities, which
induces a decrease in the amount of suspended matter, but not of river water discharge. This choice
was made for numerical reasons, as a too high concentration cannot be transported to the Bay by the
present-day river water discharge and most it settles inside rivers. However, changes in river water
fluxes had very limited impact on hydrodynamic patterns in the Bay (see supplementary material and
Olivier et al., 2021). The most important is thus to have a realistic amount of river sediment supply, as
this study focuses on the evolution of sediment dynamics within the bay. (ii) The mixture (grain-size
proportions) at boundaries as well as the amount of sediment available at oceanic boundaries, may
have changed over the last 9000 years. (iii) The calibration of river discharge relies on the preserved
sediment rate calculated from sedimentary units: it corresponds to minimum estimates of sediment
budget (not including the possible remobilization and non-preservation of sediment).

5.4.3 Implications for estuarine stratigraphic interpretation

Thanks to hydro-sediment modelling over four scenarios, the impact of mean sea-level
variations on hydro-sediment dynamics and the distribution of associated sediment deposits were
analysed. At the time scale of the transgression, boundaries between erosion and deposition, as well
as the sand/mud transition, are progressively pushed upstream of the estuary (i.e. flanks and in the
direction of the river mouth) because of tidal asymmetry in the Bay of Brest (see supplementary
material); this is also visible through the grain-size increase in deposits observed from cores located
on the slopes between T2 and T3 domains (Tab. 8). However, the progression of these boundaries
upwards of the estuary does not correspond to sea-level rise. Tidal dynamic is closely dependent on
the underlying morphology and therefore changes through time (Olivier et al., 2021). In the Bay of
Brest, large and fast coastline retreats are mainly perpendicular to the main channel, generating a
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strong increase in the active flow section width when the terraces (T2 and T3) pass into subtidal
domain. The main channel (T1) displays a decreasing cross-section (width) and decreasing bathymetry
from the strait between Plouzané and Roscanvel peninsula to the Aulne mouth (~60 to ~20 m depth),
which is progressively flooded over the Holocene. Upstream areas of the Bay are rivers with steep
banks.

At 9 ka (cal. BP, -26 m), most of non-cohesive sediment are transported over T1 and cohesive
sediments settle in intertidal areas (T2 terraces) and over T1 towards river mouths (Fig. 81a).

At 7.5 ka (cal. BP, -10 m), bottom current velocities over T1 decrease with the increasing depth and the
highest velocities are then observed over T2 in the centre (Olivier et al., 2021). Most sand movements
take place over T2 and they settle at the edges of T2 terraces (over T1 or on slopes between T2 and
T3, Fig. 81b and 81e). In the upper area, T1 remains the only subtidal domain (as T2 is small at this
spot). Thus, the upstream tidal prism increases substantially (water volume transported by the tide
through the upper area), while the active flow section remains of similar width (only T1). Intense tidal
currents are observed over T1 and fine sands are transported over the same morphological domain
and secondary channels (Fig. 81b). Previous muddy deposits (9 ka cal. BP) are removed from T2 in the
centre and from T1 in the upper area towards T3 terraces (Fig. 81b).

At 7 Ka (cal. BP, -5m), patterns similar to the previous scenario are observed in the centre. In the upper
area, the active flow section width increases substantially (T3 subtidal, Fig. 81e). This fast and
important increase in the active flow section width induces less intense currents in the upper area than
during the previous scenario (Olivier et al., 2021), as a slightly greater volume of water is transported
by the tide and that volume passes through a much larger section. This phenomenon is amplified by
the shallow depth and flat shape of T3, which induces strong friction all over this morphological domain
at 7 (Ka cal. BP). This allows the deposition of mud over all the morphological domains and only a few
fine sands are transported by tidal currents into the upper area (Fig. 81c).

At the present-day, the limit between mud and sand deposits is located further towards T3 than during
the two previous scenarios in the centre, but general patterns are the same since 7.5 ka (cal. BP, Fig.
81). The active flow section in the upper area remains of similar width, while the upstream tidal prism
still increases. Thus, higher currents characterize the upper area of the estuary than at 7 ka (cal. BP,
Olivier et al., 2021). The augmentation of tidal current velocity is amplified by the reduction of friction
over T3 with the increasing depth (Fig. 81e). Non-cohesive sediments are transported more upward
over the main channel than during the previous period and muds settle only over T3 (Figs. 81c and
81d).
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Fig. 81: Maps representing the evolution of depositional areas for mud (brown) and fine sands (yellow), with four synthetic
logs displaying the theoretical stratigraphic stacking of each morphological domain after each scenario (vertical scale
represents the approximative representative thickness over morphological domains). a: scenario 1, b: scenario 2, c: scenario
3, d: scenario 4 and e: the hypsometry of each scenario (computational limits on Fig. 3). This figure aims to display the
evolution of depositional areas and the interpreted preservation of deposits, in relation to paleoenvironmental changes.
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These qualitative observations are represented over the simplified upper zone of the Bay of Brest, to
highlight the main mechanisms and triggers of hydro-sediment changes (Fig. 82). They demonstrate
that movements of the erosion/deposition boundary and of the cohesive/non-cohesive sediment
deposition boundary, do not necessarily move upward of the estuary during transgression cycles (as
classical sequence stratigraphic interpretations suggest). For estuaries displaying seafloor morphology
with a main channel(s) surrounded by different levels of terraces (e.g. morphology inherited from a
fluvial paleo-system), those boundaries move upward or downward of the estuary depending on the
active flow section width in relation to the volume of water transported by the tide (upstream tidal
prism, Fig. 82). If sea-level rises and the active flow section remains of similar width, a greater water
volume pass through a similar section and tidal current velocities increase (Figs. 81 and 82, steps 2 and
4). Thus, erosion/deposition and cohesive/non-cohesive sediment deposition boundaries move
upward of the estuary (Figs. 81 and 82). When the active flow section width increases, it is over flat
and large terraces, which induce an important and fast modification of the active flow section width.
A slightly greater water volume passes through a much larger section and it results in a decrease in
tidal current velocities. Therefore, the mud/sand boundary moves downward of the estuary (Figs. 81
and 82, step 3). The downward movement of mud/sand and erosion/deposition limits is amplified by
the strong friction over terraces when the active flow section width increases (flat and shallow, e.g.
Fig. 82, step 3). In the opposite case, when only upstream areas pass into the subtidal domain, the
friction decreases over terraces with the increasing depth, which amplified the upward movement (e.g.
Fig. 82, step 4).

The main factors controlling the location of mud and sand deposits over the long time scale are
therefore the upstream tidal prism (volume of water transported by the tide) and the active flow
section width. The relationship between these two parameters can be applied only to estuaries with
an upstream morphology similar to the Bay of Brest, as the evolution of the upstream tidal prism plays
a major role. Upstream areas of the Bay are only rivers with steep banks and so the evolution of the
tidal prism is almost proportional to the rise in sea-level in those areas. This is not always the case as
in other areas the tidal prism can increase substantially with only a small rise in sea level, which induces
a different evolution of the velocity gradient.
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Fig. 82: Conceptual 3D diagrams of the evolution of mud and sand distributions over the simplified upper area of the Bay of
Brest (two morphological domains: one channel and one level of terrace), during a transgression with a constant rate of sea-
level rise. The blue area represents the maximum sea-level elevation and blue arrows represent the relative main velocities
of ebb and flood tides bottom currents between steps. The active flow section width is represented by black arrows. The
main channel displays an increase from downstream to upstream areas, whereas bathymetry does not change over
terraces. This figure schematically explains the evolution of the sand/mud boundary as a function of sea-level rise and the
active section width. Main retreats of sand/mud limit are due to fast and important increase in the active flow section width
(passage to subtidal domain of a flat morphological domain) in the case of rising sea level.

We are thus able to propose a schematic conceptual model of the impact of flooding of terraces on
the evolution of depositional areas within an estuary (Fig. 82). Simulation results are in line with the
global sediment and grain-size distribution of Davis and Dalrymple (2012): the most energetic zone is
composed of non-cohesive sediments, that form sediment structures (e.g. sand ridges, comet tails);
towards shallower parts of the estuary (flanks and river mouths) deposits are finer (mix of mud and
fine sand); and towards the shallowest area to the coastline, deposits are only muddy (Fig. 81). This
study also demonstrates that erosion/deposition and the cohesive/non-cohesive boundaries are not
equal to a depth threshold, but vary with the distribution of tidal currents. The distribution of tidal
currents is primarily function of the shape of the basin (seafloor morphology and sea-level height), but
locally the shape of the coastline may be the most significant parameter. For example, straits can
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expose some morphological domains to strong tidal currents (e.g. T2, in the centre, Olivier et al., 2021).
Conversely coves and bays can protect others from strong currents, such as T3 terraces within the Bay
of Brest, which are favourable to mud accumulation from +3 m to -15 m (depth relative to present-day
mean sea level, scenarios 2 to 4, Fig. 81).

5.5 Conclusion

The aim of this paper is to explore the tidal impact on sediment dynamic evolution over the
Holocene in the Bay of Brest. The methodology is based on sedimentology and hydro-sediment
modelling (MARS3D/MUSTANG). The aim is to rebuild each key paleoenvironment (seafloor and sea
level) and simulate the hydro-sedimentary response of the estuary to long-term paleoenvironmental
evolution. Simulation results have led to several conclusion on tide-dominated estuary infill:

- The simulated deposits are consistent with the hydrodynamical conclusions made in (Olivier et al.,
2021) and with sedimentary records based on seismic and core data (only data available from the past).
They led to propose a reconstitution of the hydro-sediment dynamic evolution during the Holocene in
the Bay of Brest. This explains the sediment infill, and its preservation, observed in sedimentary
records. This study demonstrates that the use of hydro-sediment modelling compared to sedimentary
records is relevant to study sediment dynamics over a long time interval (9 ka).

- the influence of sediment sources (boundary conditions) was analysed and reveals that marine
sediment represents 82% of the simulated sediment supply (inside the Bay) during the Holocene, with
a decrease in river influence from 26% (9 ka) to less than 1% (present-day). The sediment supply
sources studied and the calibration assume similar availability of offshore sediments and changes in
river discharge during the Holocene. River water discharge was adjusted to obtain a simulated net
sedimentation rate consistent with the estimated volumes of the sedimentary units. The resulting
evolution of river discharge agrees with the conclusions of paleoclimatic studies conducted in the
region and is mainly affected by the evolution of river slope profiles.

- Simulated hydro-sediment patterns highlight the longitudinal evolution of erosion/deposition and
cohesive/non-cohesive deposit boundaries (and main triggers) over the Holocene infilling of a
macrotidal estuary. Limits move upward or downward of the estuary depending on the volume of
water transported by the tide in relation to the active flow section width. Considering the same tidal
amplitude, if sea-level rises and the active flow section width remains similar, the limits move upward
of the estuary and downward in the opposite case. However, this relation is applicable only to estuaries
displaying morphological domains made of perpendicular terrace(s) to main channel(s). When the
active flow section width increases it is over flat and large terraces and so the increase is fast (small
rise in sea-level required) and important. Seafloor morphology is thus of uppermost importance for
the evolution of tidal current distribution over long time intervals.

The time interval considered (9 ka) is simulated in a discontinuous way (scenarios). The major
limitation of the proposed methodology is that scenarios (two years) are representative of long time
intervals (500 to 4000 years). To overcome this assumption, the only way is to reduce the calculation
cost of simulations and thus simplify the tide consideration in a model able to consider geological
parameters (e.g. subsidence, uplift, sea level..). A perspective of this work is to determine if
morphogen(s) tide(s) in the Bay of Brest can be determined for each scenario or the entire Holocene,
in order to schematize tidal input. This would allow to upscale the tidal consideration and carry out
simulations over the same duration as the deposition of sedimentary units.
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6 Search for the definition of morphogen tides
in the Bay of Brest
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6.1 Introduction

The methodology set up for this PhD allowed us to run hydrodynamic and hydro-sedimentary
simulations for reconstructing and studying tidal processes through four key stages within the Bay of
Brest. These four stages have been validated by comparison with sedimentary records (chapters 4 and
5) and the succession of these four simulations resume the Holocene evolution of the Bay of Brest.
Configurations established for the four scenarios provide thus a precious and wonderful numerical
laboratory that can be now analysed in details for answering many scientific problematics dedicated
to environment, biology, sedimentology, or hydrodynamics. We can easily and straight away extract a
large number of parameters and analyse their evolution through the outputs of the successive
scenarios already simulated (and thus over the last 9000 years) such as salinity and temperature
gradients, other aspects of hydrodynamic or hydro-sediment processes (e.g. suspended matter
dynamic within morphologic domains) and more for four time intervals.

This can obviously interest the communities of hydrodynamicists and sedimentologists/geologists, but
also of biologists that are interested in the impacts of hydrodynamics on planktonic and benthic
populations for example. New simulations can easily be run as well, to test new parameterisations (e.g.
thickness of the initial sediment layer, boundary conditions, sediment supply mixture, i.e. different
proportion of grain-size classes...). Change the parameterisation would allow us to test the sensibility
of the model to different key parameters and quantify the associated range of uncertainties.

In this chapter we aim to use this numerical laboratory to define and determine the morphogen tide(s)
of the Bay of Brest over the Holocene. We consider the morphogen tide(s) as the resume of all tides
inducing significant morphological changes within the Bay of Brest.

Main problems in the understanding of long-term tidal impact on sedimentation are linked to the time-
scale of the hydro-sedimentary processes induced by tides that varies hourly. The only way to reach
larger simulations time scales than classic hydro-sedimentary modelling (or reduced complexity
models) is the use of simplified tidal forcing. The definition of a drastically simplified tidal input
(morphogen(s) tide(s)) could be the key to understand long-term estuaries infill, the formation of
sediment structures and layers. The numerical laboratory is an opportunity to search for morphogen(s)
tide(s) in short-term simulations (2 year), that are representative of key infilling periods over the last
9 000 years. It is thus possible to look for morphogen(s) tide(s) in relation to paleoenvironmental
evolution (linked to seafloor and sea-level evolutions).

At this step, we can ask ourselves many questions: How should we proceed to identify the tides
influencing significantly the sediment volume evolution? Is the long-term sediment deposition
controlled by one particular tide, several, or the succession of all ones? Can we (and how) summarise
the significant tide(s) into one or more morphogen(s) tide(s)? Do significant tidal impacts evolve with
long-term parameters (e.g. seafloor or sea-level), and therefore the corresponding simplified input
also?

Answering these questions implies two steps: (i) the determination of tidal clusters with similar (and
significant) impact on sediment volume variations and, (ii) the statistical definition of simplified tide(s),
corresponding to morphogen(s) tide(s) (representative of each cluster).

For this purpose, outputs of hydro-sedimentary simulations previously performed with
MARS3D/MUSTANG are analysed. Although each simulation was run over a time interval of two years,
we consider that the first year was dominated by transitory evolution leading progressively to the
establishment of a realistic sediment dynamic. Therefore, the evolution of the morphology and
sediment volume within the Bay of Brest will only be analysed over the second year.
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In this chapter the aim is to define the tidal conditions for which the variations of the amount of
sediment are significant and separate significant tides into cluster displaying similar patterns (in term
of erosion and deposition). Scenario 4 (at present-day) is first analysed (6.2.1), and then compared to
the three others (6.2.2), in order to observe potential changes over the Holocene. Finally, perspective
and future work are exposed (6.2.3).

6.2 Present-day influence of tides on sediments

Based on the present-day configuration, this section aims to explore when and how the tide
triggers main sediment volume variations within the Bay of Brest. We rely on the simulation of scenario
4 described in the previous chapter. Timeseries of the total sediment volumes (without suspended
matters) are analysed within the Bay (area extend on which sediment volumes are calculated, is
represented by a red dashed rectangle on Fig. 83) and over 1 year (Fig. 84a).
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Fig. 83: Present-day bathymetry of the Bay of Brest. Sediment volume is calculated within the area delimited by a red
dashed rectangle. The blue straight-line corresponds to the location of the cross-section that will be recurrently displayed all
along this chapter to illustrate calculation limits of our analyses. Inset blue and black depth sections represent respectively
the elevation of the tops of U3 and UO along the blue straight line.

Fig. 84a, presents the variation of sediment volume in the Bay during one year, with a zoom over one
month. A linear regression is calculated on the sediment volume evolution over one year in the Bay
(Fig. 84a). This trend is then removed in order to highlight higher frequency variations (Fig. 84b). Fig.
84b thus displays high-frequency (i.e. daily) sediment volume variations over one year. Fig. 84c displays
the evolution of the sediment volume in suspension in the water column over the full bay and one
year. Sediment volume variations, high-frequency sediment volume variations and sediment volume
in suspension are finally compared to sea surface variations over one year (Fig. 84d).

Over one year, the estuary overall accumulates sediments (mainly coming from oceanic borders, see
chap. 5), and this trend is almost linear at year scale, following the linear regression carried out (Fig.
84a). However, in details, sediment volume variations occur during smaller time intervals, and the Bay
infill takes place in step rather than all along the year (Fig. 84a and inset zoom). Daily tide variations
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induce significant sediment volume variations (of the order of 103 m3, Fig. 84a) only during specific
time intervals (Fig. 84a inset zoom): significant variations occur during short time interval of about 7
days and a maximum of the sediment volume variations is found each ~15 days (Fig. 84a and inset
zoom). Between those time intervals the sediment volume displays unsignificant variations (Fig. 84a
and zoom). Different patterns are observed each ~15 days characterized with a first period (~7 days,
M for moderate in Fig. 84) displaying global deposition (up to ~20*10® m3) and the second one (~7
days, S for strong in Fig. 84) displaying global erosion (up to ~40*10° m?) followed by deposition (up to
~30*10% m3, Fig. 84a). The same patterns are observed each month approximatively (Fig. 84a). Those
patterns are also observed inside sediment volume in suspension (Fig. 84c), which displays over one
year important volume variations each ~15 days with an alternance of strong variations (up to 75*103
m?) and smaller ones (up to 15*10° m?3). Similar patterns are also repeated each month (Fig. 84c).
Between those short-time intervals sediment volume in suspension is close to O (Fig. 84c). However,
sediment volume deposited or remobilized by those two patterns (occurring each month) are very
unequal over the simulation (Fig. 84a). During spring and autumn, sediment volume variations seem
to be much more important than during winter and summer (Figs. 84a, 84c). Within time intervals of
~3 months (Fig. 84, red dashed lines, spring and autumn): the tides globally mobilize more sediment
than during the next ~3 months (Fig. 84, red dashed lines, summer and winter), during the short time
intervals (~7 days) identified each ~15 days above (Fig. 84b, M and S). The maximum sediment volume
in suspension is about 75*10% (m3) in spring and autumn, and 30*10% (m3) in summer and winter (Fig.
84c).
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Fig. 84: Evolution over one year of (with the present-day physiography, scenario 4): a, the sediment volume (over the Bay,
Fig. 52) and its global annual trend (or long-term trend); b, the sediment volume without the global annual trend; c, the
sediment volume in suspension; d, sea surface elevation. Black dashed lines represent moderate (M) and strong (S) spring
tides. Red dashed lines display equinox and solstice time intervals identified from sediment volume variations.

The time intervals (~7 days) inducing the main sediment volume variations display three cyclicities that
are related to tide frequencies: (i) 14.75 days; (ii) 29.5 days; (iii) 3 months. In non-idealised contexts,
the evolution of suspended matter is primarily related to variations of the amount of suspended matter
at the boundaries. These observations are possible thanks to the constant availability of sediment at
the boundaries over these simulations, which allows to focus on the tidal impact on sediment volume
evolution.
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(i) The smallest period observed coincides with the first and second full Moon apparitions, which
induces spring tides every 14.75 days (Fig. 84). They are called Syzygies and correspond to the moment
when the meridian planes of the Moon and the Sun are merged (Fig. 85). Syzygies corresponds to New
Moon or Full Moon (Fig. 85). The difference between these New Moon and Full Moon is due to the
Moon relative position from the Earth and the Sun (Fig. 85). Significant sediment volume variations
time intervals of ~7 days, observed each ~15 days, display the same frequency as lunar cycles (Figs.
84b, 84d, M and S).
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Fig. 85: Schematic lunar cycle

(ii) Both, strong and moderate spring tides, are visible through the evolution of the sediment volume
each ~29.5 days (Fig. 84, except in July-August). (iii) Their respective influences display important
variations during the simulation (Fig. 84b). Within time intervals of ~3 months, the sediment volume
variations induced by the tides (each ~15 days) change a lot. During spring and autumn amplitude of
sediment variations are more important than during summer and winter (Fig. 84, red dashed lines).
These time intervals correspond to equinoxes and solstices (Figs. 84 and 86). The equinoxes
correspond to moments when the declination of the Sun with respect to the equator is zero.
Conversely, the solstices correspond to the maximum declination of the Sun with respect to the
equator. Equinoctial spring tide (close to the equinoxes) induce the maximum amplitude of the semi-
diurnal tide (Figs. 84d and 86). Approximately 173.3 days separate two equinoxes or solstices and thus
two equinox (spring and autumn) and two solstice (summer and winter) time intervals occur during
one year (~3 montbhs, Figs, 84 and 86).
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Fig. 86: Schematic representation of equinox and solstices time intervals (modified from SHOM)

At year scale only spring tides (strong and moderate) are visible through the sediment volume
evolution and neap tide induce unsignificant variations (Figs. 84a zoom and 84c). However, spring tides
respective influences change a lot between equinox and solstice time intervals. During equinox time
intervals, strong spring tides are responsible of main erosion patterns, while moderate spring tides
induce deposition (Fig. 84). Sediment losses during equinoctial strong spring tides are less important
than gains induced by equinoctial moderate spring tides and thus equinox time intervals globally
promote deposition (less than the global annual trend, Figs. 84a and 84b). During solstice time-interval
both spring tides promote sedimentation over the Bay and globally solstice time intervals induce more
deposition than equinox ones and the global annual trend (Fig. 84).

In order to observe ebb and flood tides impacts during spring tides, Fig. 87a displays the sediment
volume in suspension during three days and Fig. 87b displays sea surface variations within the same
time interval. Within these spring tides the effects of flood and ebb tides are unequal in the Bay of
Brest. During ebb and flood an alternation between remobilization and deposition is observed (Fig.
87a and 87b), but suspended matter volume induced by ebb tides are two to three times lower than
the one induced by flood tides (Fig. 87). It highlights an asymmetry between the impact of ebb and
flood tides on sediment remobilization.
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Fig. 87: (a) Evolution of suspended matter volume through time over spring tides for the present-day configuration (scenario
4). (b) Evolution of sea surface variations at the entrance of the Bay (central area). F: Flood tide; E: Ebb tide.

To better understand the infill of the estuary, the sediment volume is calculated by depth range
(referring to the lowest limit of the intertidal zone, maximum low tide). They are chosen to fit
morphological domains of the Bay of Brest and refer to depth related to the lowest sea-level (Fig. 88
on top). Fig. 88 therefore represents the sediment volume evolution over one year by bathymetric
range and displays the sediment volume variations minus the global annual trend.

The long-term sediment volume evolutions are very different between morphological domains: the
deepest domain (T1) globally undergoes erosion over the year (-100*10° m3, Fig. 88 sediment volume),
the intermediate domain (T2) undergoes erosion during equinox time intervals and sedimentation
during solstice time intervals (+45*10% m3 over one year, Fig. 88 sediment volume), and the shallowest
domain (T3) undergoes sedimentation over the year (+300*10%® m?3, Fig. 88 sediment volume). The
topographic difference between morphological domains is increasing: the depth of channels and
troughs decreases, whereas depth of shallowest terraces increases (referring to a constant sea-level).
Moreover, the shallowest domain (T3) accumulates more sediments than the total erosion within the
Bay (T1), which suggest that the shallowest parts of the Bay stock a significative part of sediment

supply.

The sediment volume over the deepest domain, T1, is always decreasing or stationary (Fig. 88 sediment
volume). Most of the erosion happens during strong spring tides within equinox time intervals (up to
~15*10% m3, Fig. 88 sediment volume) and other time intervals hardly induce variations (Fig. 88
sediment volume without annual global trend). Note that the evolution over T1 is strongly affected by
the initial conditions (initial layer of 0.5 m containing 40% of muds, see chapter 5), which is not realistic
in high energy areas, such as T1 close to the strait between Plouzané and Roscanvel peninsula. T1
erosion is therefore probably over estimated.

Over the intermediate domain (T2 terraces), global trends of sediment volume variations are mainly
influenced by strong spring tides: during equinox time intervals they induce erosion (up to ~15*103
m?3), and during solstice time intervals they induce accumulation (up to ~8*10° m3, Fig. 88 sediment
volume). Moderate spring tides induce in both cases sedimentation over T2 (up to ~5*10® m3, Fig. 88
sediment volume), but in smaller proportion during solstice than equinox time intervals (Fig. 88).
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Over the shallowest domain (T3 terraces), both spring tides always induce deposition (Fig. 88 sediment
volume), but in smaller proportion during solstice than during equinox time intervals (up to ~30*103
m?3, Fig. 88).

The tides impact significantly the sediment volume during the same time interval in each
morphological domain, as observed for the entire estuary (Figs. 84 and 88): significant variations occur
each ~15 days (strong and moderate spring tides, during ~7 days), with the greatest variations during
equinox time intervals (~¥3 months, Fig. 88). Over each morphological domain neap tides have a
negligible influence compared to spring tides on sediment volume variations (Fig. 88).
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Fig. 88: On top: Bathymetric cross section at present-day (scenario 4, centre of the Bay of Brest), on which the bathymetric
limits chosen to represent morphological domains are displayed. On bottom: Evolution over one year of the sediment
volume and the sediment volume without annual global trend, for each morphological domain (T1 to T3, from left to right).
S: strong spring tide; M: moderate spring tide. Red dashed lines display equinox and solstice time intervals identified from
sediment volume variations.

The Bay of Brest suffers significant erosion only during equinoctial strong spring tides over T1 and T2
(Fig. 88, T1: up to 15*10%® m3, T2: up to 15*10° m3). In the same time, an important volume of sediment
settles over T3 (Fig. 88, up to 30*10% m3). During all other time intervals pointed out (equinoctial strong
spring tides and, equinoctial moderate and both solstitial spring tides) the tides induce deposition over
T2 and T3 (Fig. 88). During scenario 4, the deepest domain (T1l) loses sediments and main
accumulations are located in the shallowest part (T3), and in smaller proportion over the intermediate
domain (T2). Furthermore, sedimentation increases over T3 when erosion increases over underlying
domains (Fig. 88). It suggests that a part of accumulations over shallowest parts should come from the
erosion of deeper domains.

6.3 Holocene evolution

6.3.1 Sediment volume

Thanks to the four scenarios modelled in the previous chapter, we can explore the evolution
of the tidal impact on sediment volume in the Bay of Brest over the Holocene transgression (9 ka BP
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to the present-day). In this chapter, we choose to analyse outputs of simulations with constant oceanic
boundary parameterisation as in chapter 5, and with identical river discharges for the four scenarios.
The objective is to focus our analysis on the impact of topography and sea-level variations on sediment
volume variations in relation to tides only.

The evolutions over one year of the sediment volume, and the sediment volume without the global
annual trend are presented on Fig. 89. The change of vertical scales for the sediment volume variations
between scenario, is mainly related to the estuary size evolution (more extended is the estuary, greater
are the sediment volume variations, Fig. 89).

In all scenario, the Bay of Brest accumulates sediment in a similar global annual trend (Figs. 89 and
84a). The sediment volume displays significant variations during the same time intervals with similar
magnitude between time intervals in each scenario (Figs 84 and 89): equinoctial strong spring tides
induce the greatest variations (up to ~10*10% m? in scenario 1, ~15*10% m* in scenario 2, ~15*10% m3
in scenario3) of the sediment volume (Fig. 89); equinoctial moderate spring tides induce also significant
variations, but in lesser proportions (~less than 5*10° m3 in scenario 1, up to ~5*10° m? in scenario 2,
~10*10° m? in scenario 3, Fig. 89); during solstice time intervals significant variations are observed
during both spring tides, but in lesser proportions (~1 to 5 *10% m3) than during equinox time intervals
(Fig. 89); and neap tides induce unsignificant variations (Fig. 89). Equinoctial moderate and both
solstitial spring tides induce sedimentation in every scenario, while equinoctial strong spring tides
induce deposition in scenarios 1 and 3, and erosion in scenario 2 and 4 (Fig. 89). During scenarios 1
and 3 the deposition induced by equinox time intervals (respectively ~60 and ~50 *10% m3) is thus
greater than the one induced by solstitial time intervals (respectively ~30 and ~40 *10° m3) and the
opposite during scenarios 2 and 4 (Fig. 89). Note that in scenario 2, equinox time interval (~3 months)
does not induce any residual deposits (equivalent volume at the beginning and at the end of the
equinoxes time intervals). It means that the deposition during equinoctial moderate is equivalent to
the erosion induced by equinoctial strong spring tides.
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Fig. 89: Sediment volume evolution over one year for each scenario (over the Bay, Fig. 83) and, sediment volume evolution
without the global annual trend (respectively left and right). S: strong spring tide; M: moderate spring tide. Red dashed lines
display equinox and solstice time intervals identified from sediment volume variations.

In all scenarios the same time intervals characterized by strong and moderate spring tides (with
different impact during equinox and solstice) are responsible of the most important changes in
sediment volume variations. However, we can wonder why equinoctial strong spring tides induce
erosion in some scenario, or deposition in others (or stability)?

To answer that question, the evolution of sediment volume is calculated for each scenario by depth
range (Fig. 90). Bathymetric limits are chosen to frame the morphological domains and are thus slightly
different for each scenario (referring to the maximum low tide of the corresponding scenario, Fig. 90).
Note again the different vertical scales for each scenario and over each morphological domain (surface
of depth range available in Fig. 90). As Fig. 88, Fig. 90 displays sediment volume evolution over one
year and sediment volume minus the global annual trend, for each morphological domain (a: scenario
3, b: scenario 2; c: scenario 1).

e During scenario 1, T3 is emerged, T2 is the shallowest domain and undergoes sedimentation
(+200*10 m3), while T1 undergoes erosion (-65*10 m?). Sedimentation over T2 is greater than
erosion of T1 (volume deposited of T2 greater than volume eroded over the Bay). Equinoctial
strong spring tides induce the main morphological variations (sedimentation up to ~20*103
m?), and moderate equinoctial, and strong and moderate spring tides during solstice also
induce sedimentation in lesser proportion (up to ~10*10% m3, Fig. 90c). Over T1 equinoctial
strong spring tides induce the main sediment volume variations (erosion, up to ~10*10° m3),
and in comparison, moderate equinoctial, and strong and moderate spring tides during solstice
induce very few erosion (~3*10° m?, Fig. 90c).

* During scenario 2, T1 undergoes erosion (-30*10% m3, Fig. 90b), T2 undergoes erosion (-50*103
m?3, Fig. 90b), T3 undergoes sedimentation (130*10% m3, Fig. 90b). The sedimentation over T3
is greater than the cumulative erosion over T1 and T2 during the simulation. The observed
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impact of moderate and strong spring tides during equinox and solstice time intervals is the
same over T1 and T3 as scenario 4 (Figs. 88, 90b). Over T2, the erosion induced by equinoctial
strong spring tides is much more intense than the sedimentation occurring during solstitial
spring tides and moderate equinoctial spring tides. Over the simulation, the tides induce
greater erosion (-50*10° m?3, Fig. 90) over T2 compared to T1 (-30*10 m3 Fig. 90).

* During scenario 3, the deepest domain (T1) globally undergoes erosion over the year (-30*103
m3, Fig. 90a sediment volume), the intermediate domain (T2) losses sediment over the
simulation (-5*10% m3, Fig. 90a sediment volume), and the shallowest domain (T3) undergoes
sedimentation over the year (+200*10° m3, Fig. 90a sediment volume). The sediment volume
over the simulation is greater over T3 than the cumulative erosion over T1 and T2 (+200 and -
35*10 m3). Equinoctial strong spring tides are responsible of most of the erosion, which is
located over T1 and T2, and main sedimentation over T3 (Fig. 90a sediment volume).
Equinoctial moderate spring tides induce a slighter erosion inside T1 and slighter accumulation
over T2 and T3 than equinoctial strong spring tides (Fig. 90a). During solstices, both spring tides
induce sedimentation over T2 and T3 (Fig. 90a). Globally the tides induce only erosion over T1,
erosion during equinox and deposition during solstice time intervals over T2, and only
sedimentation over T3 (Fig. 90a). A much lower erosion is observed compared to scenario 2
over T2 (-50 and -5*10% m3, Figs. 90a, 90b). Scenario 3 displays very similar patterns as scenario
4 (Figs. 88 and 90a), except for T2, where erosion during equinoctial strong spring tides is
greater than deposition during all over time interval combined (not the case in scenario 4).

Thus, for each scenario the shallowest domain stocks a significant part of sediment inputs (supply).
Common patterns are observed over morphological domains throughout the Holocene (Fig. 90): (1)
equinoctial strong spring tides always induce main sediment volume variations (ll) they always induce
deposition over the shallowest morphological domain, and erosion over deeper terraces (than the
shallowest domain) and within the main channel; (Ill) equinoctial moderate, strong and moderate
spring tides during solstice time intervals always induce significant sediment volume variations, even
if in lesser proportion than equinoctial strong spring tides; (IV) they always induce deposition over the
two levels of terraces (T2 and T3 if flooded); (VI) sedimentation over the shallowest terraces is always
greater than erosion over T1 and T2, or only T1.
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Fig. 90: For scenarios 3 (a), 2 (b) and 1 (c): (On top) Bathymetric cross section in the centre of the Bay of Brest, on which the
bathymetric limits chosen to represent morphological domains are displayed. (On bottom) Sediment volume evolution over
one year and sediment volume evolution without the global annual trend, for each morphological domain (T1 to T3, from
left to right). S: strong spring tide; M: moderate spring tide. Red dashed lines display equinox and solstice time intervals
identified from sediment volume variations.

Looking at the Holocene sediment volume evolution (Figs. 88 and 90), the main channel always
undergoes erosion while the shallowest terrasses always undergo sedimentation during the
transgression. While potential deposition over intermediate terraces (T2 except in scenario 1)
increases as the sea-level rises (scenario 2 negative, i.e. erosion, to scenario 4 positive, i.e. deposition,
Figs, 88 and 90). T1 and T2 display different patterns and thus, although sea-level variations (water
height) play a major role in tide-induced sediment volume variations over morphological domains, the
shapes of the latter seem to also influence those patterns. Potential deposition over T2 and T1 should
increase with the increasing depth over the transgression (see chapter 4). However, it is only the case
over T2 and not over T1. The setting of initial sediment layer (0.5 m, containing 40% of mud) probably
generates a significant and not realistic erosion in the most energetic parts of T1. Further analysis, with
different initial conditions, should be carried out to quantify T1 erosion.

Equinoctial strong spring tides always induce deposition over the shallowest domain and erosion over
deeper domains. During scenario 1, the shallowest terraces (T2) are much more extended than the
deeper domain (T1, Fig. 90c), and thus equinoctial strong spring tides induce sedimentation (Fig. 89).
During other scenarios that trend changes thanks to the flooding of T2 terraces and the shallowest
terraces (T3) are no longer much more extended than deeper domains (T1 and T2, Fig. 88, 90a, 90b).
Strong spring tides during equinox time intervals thus induce erosion globally over the estuary (Fig.
89). However, as seen in chapter 5, during scenario 3 the flooding of T3 terraces induces a large
shoreline retreat compared to the sea-level rise and less intense current reach the upper area. Many
areas are affected by less intense currents of equinoctial strong spring tides in scenario 3 than in
scenarios 2 and 4 (e.g. upper area). That is why strong spring tides during equinox time intervals induce
globally sedimentation over the estuary in scenario 3 (Figs. 89 and 90a). Main differences identified in
sediment volume variations between scenarios (Fig. 89), which are linked to equinoctial strong spring
tides, are due to the configuration of the Bay (relief of seafloor and sea-level height).

6.4 Threshold

The objective now is to quantify the threshold above which the ebb and flood cycles have a
significant impact on the sediment volume variations. For each scenario the evolution over one year
of the maximum and minimum sediment volume was plotted (Fig. 91a and 91b). They are directly
compared to the evolution of the sea surface variation rate (m.h). Peaks of sea-surface variation rates
correspond to mid-tides when tide induced currents are usually the strongest.

This comparison confirms the weak action of neap tides induced currents, which induce unsignificant
sediment volume variations (minimum and maximum curves of sediment volumes are superimposed
on Fig. 91a and 91b). The minimum and maximum of sediments volume present significant differences
during spring tides (Fig. 91a and 91b). To quantify the threshold over which sediment volume variations
are significant, a cross plot is made between the maximum and minimum sediment volume and the
sea surface variations rate (Fig. 91c). It appears that significant remobilization and deposition begin
when sea surface variations rate reaches 1.25 m.h (Fig. 91c). Above this threshold, variations of
sediment volume increase exponentially.
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Fig. 91: (a) Envelope of the free surface variation rate over one year in light green (m.h"1), maximum in dark-green),
smoothed maximum sediment volume in orange, and smoothed minimum sediment volume in brown (both smoothed over
12 h and without the global annual trend, over the Bay of Brest). (b) Zoom over 1 000 hours. (c) Cross plot between (x) the
smoothed maximum sea surface variation rate (over 12 h), and (Y) the maximum difference of sediment volume during a
tide (smoothed maximum volume — smoothed minimum volume).

The tide starts to induce significant variations in sediment volume when maximum sea surface
variation rate, during a tidal cycle (ebb and flood), reaches 1.25 m.h? (Fig. 91b). Increasing erosion
patterns are promoted by tides until the sea surface variations rate reaches its highest value within
the half lunar cycle (14.75 days, Fig. 91b). Then, tides promote deposition until the sea surface
variations rate reaches again the same threshold (Fig. 91b grey lines). It is therefore the balance
between (1) sediment losses before the highest sea surface variation rate, and (2) gains after it, that
determines if the half lunar cycle induces erosion or deposition (Figs. 91b and 91c).

When the sea surface rate variations reach 1.25 m.h tidal currents start to induce mud erosion (lowest
critical shear stress of all grain-size classes, see chapter 4) in most energetic parts. Then, when currents
increase, coarser sediments are mobilized too (in the Bay of Brest). We can also infer that the threshold
value is also linked with parameterisation choices, such as the composition of the initial bed layer, the
critical shear stress set for each sediment classes, the skin roughness length, the management of
mixture (cohesive and non-cohesive) erosion and deposition behaviour. Given the strong velocity
gradients present in the Bay of Brest (linked to its morphology), signifiant sediment volume variations
are linked to tides with a threshold based on sea surface variation rate rather than bottom current
velocities.
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6.5 Sediment unit preservation in tide-dominated
estuaries

The high-frequency variations of the sediment volume of each morphological domain suggests
that a significant fraction of sediments accumulated over the shallowest terraces come from the
erosion of deeper domains (Figs. 88 and 90). However, the sediment volume deposited over T3 is
greater than the ones eroded from others domains: therefore, T3 stocks an important part of the
sediment supply (probably most of fine sediments, Figs. 88 and 90).

Over the entire Holocene the Bay displays the same patterns: the main sedimentation occurs over the
shallowest terraces and the deepest domain always undergoes erosion in simulations. The topography
of the Bay of Brest is increasing: the channels and troughs depths increase, and the shallowest domains
depths decrease (for a constant sea-level, Fig. 92b). This simulation result is in agreement with the
present-day seafloor evolution but should not be applied anywhere without a detailed analysis of tidal
cycles. For example, the Bay of Douarnenez is an incised valley, located a few kilometers south of the
study area. In this bay the deepest domain is also a paleochannel but it is filled by sediments (see Jouet
et al., 2003; Augris, 2005). This difference between channel erosion in the Bay of Brest, and channel
infill in the Bay of Douarnenez is due to the topographic control which induces a stronger action of
tidal currents in the Bay of Brest than in the Bay of Douarnenez. It is important to note that the initial
condition of the simulations, placing mud in the main channel, induces a stronger erosion than in
reality on this morphological domain. Nevertheless, the main channel is still not filled at present-day
in the Bay of Brest, contrary to other incised valleys in French Brittany (e.g. Douarnenez, Concarneau,
Saint-Brieuc...).

This study of the evolution of the Bay of Brest also highlights an important sediment reworking by tidal
flows during the Holocene transgression. Unless a great coastline retreat occurs (scenario 3), fine
sediment deposits (fine sand and mud) are pushed upward towards the shallowest terraces during the
transgression and thus previous deposits are remobilized and feed the younger sedimentary unit
(chapter 5). Only the shallowest domain never undergoes erosion and always displays the greatest
sedimentation rate (Fig. 92). However, if a shallower domain is flooded during the transgression, new
hydrodynamics will remove those deposits (e.g. scenario 1 deposits over T2, Fig. 92). It means that
transgressive deposits are hardly preserved except over the shallowest morphological domain of all
the transgression (T3 in the Bay of Brest).

In those conditions we can expect to find the oldest sedimentary records over the shallowest terraces,
as no new current is able to remove the deposits taking place during the transgression. Thus, the
shallowest morphological domain should display records as old as the moment when it became
intertidal. In the Bay of Brest, T3 terraces are the shallowest morphological domain (of the Holocene
transgression) that is submerged from 7.5 ka (BP) to the present-day: the end of U1 (TST) and U2 (TST,
Fig. 92a) are thus well preserved there (Fig. 92).

More generally, hydrodynamics promotes a better preservation of HST (Highstand System Tract) than
TST (Transgressive System Tract) in tide-dominated estuaries. The HST cannot be removed by new
hydrodynamics on the shallowest domains, as it represents the highest sea-level stage (Fig. 92).
Moreover, T3 displays the strongest sedimentation rate during scenario 4 (HST, Fig. 92). In the Bay of
Brest, potential deposition increases over T2 with its increasing depth, with a maximum sediment
volume and sedimentation rate over the intermediate domain during U3 (Figs. 88 and 92). Conditions
are the most favourable for deposition over the intermediate domain also during the HST (T2, Figs,
92b). Even if currents are generally faster in channel bottom than over its flanks (less friction), an
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increasing sedimentation rate is expected within the channel during transgression. An increasing
deposition were simulated in chapter 5 over T1 and is observed through sediment records (chapter 5)
over the Holocene. This observation probably not result from real older sediment remobilisation, but
from the erosion of the initial sediment layer (0.5 m thick, 40 % muddy), which is not realistic in
energetic areas. This observation is thus likely an artefact from initial parameterisation which avoid
the observation of realistic processes (such as an increasing potential deposition of fine sands and
sands throughout the Holocene).
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Fig. 92: a: Schematic representation of sea-level rise during the Holocene and associated sedimentary units, in the Bay of
Brest (system tract interpreted by Gregoire et al., 2017). b: Sedimentation rate calculated over 1 year for each
morphological domain (see Figs. 57 and 59).

Those observation supports previous conclusion of Tessier et al., 2012, which observed in Mont Saint-
Michel and Seine estuaries that TST building during rapid rise of sea-level are poorly preserved and
HST represent main sedimentary records. And also that, “the relative shallowness of the incision and
deepness of the tidal scour, together with the sediment-starved context of the studied estuaries,
account for the poor development and preservation of the TST” (Tessier et al., 2012). Taking into
account similarities between those three estuaries (incised valley, macrotidal, weak sediment fluvial
supply), the patterns observed by Tessier et al. (2012) are probably due to similar action of tidal
currents in those estuaries compared to the Bay of Brest. Moreover, the preservation of TST should be
better in the Bay of Brest than in those estuaries, as they do not present a shallowest domain sheltered
from waves (by the coastline) and flat, such as T3 (see Tessier et al., 2012).

6.6 Perspectives and future works on morphogen tides

Thanks to the previous observations we were able to:

. rank the different tidal cycles. The most important are the equinoctial strong spring tides,
followed by the equinoctial moderate, solstitial strong and moderate spring tides and neap
tides are neglectable.

. observe that during all the scenarios the estuary is accumulating sediments and filling. The
global annual trend for each scenario is not continuous but rather takes place in steps, during
most energetic events. This observation is in agreement with conclusions of Winter et al.
2006.
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. relate the different impact of the tides on sediment volume to paleoenvironmental, seafloor
and sea-level evolution.

. determine that flood currents induce two to three times more resuspension than ebb
currents.
. define the threshold of the free sea surface variations rate above which the Bay globally

undergoes (and exponentially) erosion and resuspension of sediments.

. show that over the estuary spring tide time intervals promote erosion until the tide displays
the quickest sea surface variations rate (of the half lunar cycle) and then they promote
deposition.

However, these results are only the first step toward the definition of a drastically simplified tidal
forcing able to reproduce over year the morphological evolution, i.e. resume significant tides (for
sediment volume variations) into a few morphogen tides. As seen previously, two major behaviour
clusters are observed in the Bay of Brest: (1) during equinoctial strong spring tides, and (2) during
equinoctial moderate and solstitial moderate and strong spring tides. We determined the minimum
threshold of sea surface variation rate necessary to generate significant sediment volume variation.
The next step will be to calculate the value of sea surface variation rate limit between the two tidal
behaviour clusters, which is the only one missing. The aim is to define boundaries of sea surface
variation rate for both clusters. Then, we will be able to study occurrence frequency of the two tidal
behaviour clusters, i.e. how many times tides, corresponding to each cluster, occur during one year. It
will allow us to use a statistical approach, and define two morphogen tides and their respective impact
on sediment volume evolution.

However, one main question remains about the statistical definition of each morphogen tide, which
is: Do all tides of each cluster have the same impact on sediment volume evolution? We exposed that
the tides inside the two clusters display similar patterns, but do they impact the same locations (inside
morphological domains) and in similar quantity? Future investigations must focus on the difference of
tidal cycles (ebb and flood) impact on the sediment volume, inside the same cluster. For that purpose,
a differential analysis needs to be done for the morphological evolution of the seafloor between tidal
cycles of the same cluster. In order to give a range of variations, the differences of sediment volume
variations (if any) between the weakest and the strongest tide of each cluster must be carried out
firstly. Those results are critical for the statistical definition of morphogen tides: if all the observed
tides in each cluster are identical, then morphogen tides will correspond to the average tide of the
cluster; if not, it will be necessary to carry out a weighted average depending on the occurrence and
the quantity of the sediment volume variations inside the two clusters to obtain the two expected
morphogen tides.

We hope to obtain two morphogen tides, for (1) equinoctial strong spring tides and, (2) equinoctial
moderate and solstice moderate and strong spring tides. Then, the final goal will be to determine how
many occurrences of each cluster are needed to simulate the morphological evolution over one year,
and to verify if two morphogen tides are able to reproduce the morphological evolution over one year.

Several perspectives have also to be considered in order to obtain more reliable conclusions about the
sediment volume evolution during both clusters. Only after, the tidal impact on 3D sediment
morphologies (e.g. sediment structures or layers formation) could be explore, by using simplified
inputs based on these clusters (future work). Thanks to our numerical laboratory, other
parameterisations can be carried out, which will allow to refined some observations:

¢ The realisation of simulations without initial sediments (or smaller) would allow us to better
understand deposition dynamics linked to each morphological domain and to each
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palaesoenvironment. The presence of an initial sediment layer allows us to observe the
remobilization dynamics induced by tide. However, in areas that undergo strong currents, the
presence of muddy sediment is not realistic and the dynamics of mud erosion can mask
deposition dynamics of coarser sediments, such as in some part of T1.

¢ Aspointed-out by Winter et al., (2006), the quantification of sediment river inflow is important
to reproduce realistic morphological evolution. The numerical laboratory of the Bay of Brest
allows us to study the impact of various sediment supply on sediment dynamics. Firstly, the
analyses presented in this chapter should be carried out again from new simulation
parameterisation including non-constant river discharges calibrated for each scenario (such as
in chapter 5), in order to discuss the contributions of sediment sources to hydro-sedimentary
dynamics. Simulations with only river supply and only oceanic supply will contribute also to
the understanding of the influence of sediment supply sources on hydro-sedimentary
dynamics.

Moreover, one additional post-treatment should be carried out for each scenario to analyse the
influence of the two clusters defined in this chapter: full sediment volume evolution including the
sediment cover and the resuspended matters in the water column. The aim is to better understand
the full sediment dynamics in the Bay of Brest. Fig. 93 is a preliminary attempt for scenario 4. This
figure shows that sediments are evacuated from the Bay of Brest only during equinoctial strong spring
tides whereas sediments are brought into the Bay during equinoctial moderate and both solstitial
spring tides (Fig. 93). During neap tides the sediment volume with suspended matter seems stable.
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Fig. 93: Total volume evolution (suspended matter and sediment volume) over one year, for scenario 4. S: strong spring tide;
M: moderate spring tide. Red dashed lines display equinox and solstice time intervals identified from sediment volume
variations.
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7 Conclusions and perspectives
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7.1 Conclusions

This PhD work had two main objectives: to understand and model the long-term impact of
tides on the sediment erosion, transport and deposition in estuaries. The main contributions of this
work are:

(n The definition of a methodology to study tidal currents and induced sediment flows over
thousands of years, based on the definition of a few scenarios from geological and seismic
data, and the computation of hydrodynamic and hydro-sedimentary simulations for each
scenario.

()] The reconstruction of the hydrodynamics and hydro-sedimentary evolution over the
Holocene transgression in the Bay of Brest. These results allowed us also to discuss in
particular the influence of paleo-topography and sediment supply on the sediment flows and
the preservation or erosion of sedimentary units within the Bay of Brest.

(1) The analysis of the Holocene evolution of tidal hydro-sedimentary dynamics. This analysis
allows us to propose a few implications for sequence stratigraphy interpretation in tide-
dominated estuaries. A schematic conceptual model is proposed to explain the evolution of
erosion/deposition, and non-cohesive/cohesive sediment boundaries, according to
paleoenvironmental changes. Furthermore, hypothesis on the link between hydrodynamics
and preservation of deposits in tide-dominated estuaries is proposed: hydrodynamics seems
to promote a better preservation of tidal deposits during highstand system tract (HST) than
transgressive system tract (TST).

(V) A first step towards the definition of long-term morphogen tides. We defined the time
intervals inducing significant sediment volume variations (morphogen tides), and the
minimum sea surface variations rate during a tidal cycle that triggered significant sediment
volume variations. These promising results allow us to propose a workflow to characterize
morphogens tides, which are responsible of the main morphodynamics evolution of the Bay.

About the methodology

From the analysis of previous work and geological data, we reconstructed the Holocene evolution of
palaeoenvironments of the Bay of Brest. Four scenarios corresponding to key time intervals were
defined by a bathymetric map (estimation of the sediment cover thickness over the basement, and
reconstruction of elevation of the seafloor) and a sea-level. First, the water mass movements induced
by tides were simulated using the numerical hydrodynamic model MARS3D, then the tidal impacts on
sediment erosion, transport in suspension, and deposition were simulated using the numerical hydro-
sedimentary model MUSTANG. For each scenario sediment supply were calibrated to fit the
sedimentation rate calculated from thickness map and deposition chronology. Secondly, the
bathymetric evolution (sedimentation and erosion rate at each point of the simulated domain), and
the grain-size distribution (fraction of gravel, sand, fine sand and mud in each cell) were compared to
sedimentary records (thickness map from seismic data, grain-size observations from cores) to validate
the simulations. For hydrodynamic simulations the comparison was made through the calculation of
potential deposition and erosion indexes. The good correlation between sedimentary records, and
hydrodynamic and hydro-sedimentary simulation results demonstrates the relevance of the
methodology, which made it possible to build a virtual digital model quantifying the Holocene hydro-
sedimentary evolution of the Bay of Brest, and therefore to study the tidal impact on sediment flows
over long time periods.

174



About the hydrodynamic and hydro-sediment dynamic evolution in the Bay of Brest

The simulations carried-out in this study allowed us to propose a reconstruction of the hydrodynamic
and the hydro-sedimentary dynamic evolution over the Holocene.

Scenario 1, 9 — 7.5 ka BP:

During this period strong bidirectional currents induced by flood and ebb tides take place in the centre
of the Bay over T1, which is the only subtidal domain. Most of the sediments are deposited over the
intertidal area T2, and T1 in the upper area of the Bay, and are composed mostly of mud, and some
fine sands. Most of the non-cohesive sediment transport is located over the main channel in the centre.
Some local sediment accumulations are simulated and are consistent with sediment records, but
globally T1 deepened over this time interval (corresponding to the beginning of U1 deposition).

Scenario 2, 7.5 - 7 ka BP:

During this period, tidal current gyre forms in the centre of the Bay, and previous fine sediments
deposited over T2 are reworked by strong ebb and flood tide currents. Locations of main currents in
the Bay are influenced by the strait between Plouzané and Roscanvel peninsula, which drives the
incoming water (flood tide) toward the North of the central area, and the strait between Lanvéoc and
Plougastel-Daoulas, which drives ebb currents towards the South in the central area. Most of the non-
cohesive transport take place over T2 and sediments are deposited at the edges of T2 (slopes over T2
and T3, and T1). In the upper area of the Bay, T1 is still the only subtidal domain and undergoes strong
bidirectional ebb of flood tide currents. Over the estuary, mud settles mostly over T3 and slopes
between T2 and T3. Most of the sediments deposited during the previous time interval are
remobilized. Preserved sedimentary records of U1 testify mostly of the hydrodynamics at the end of
U1 deposit. Globally T1 and T2 become deeper, and T3 terrasses get shallower over this period (due
to erosion and sedimentation).

Scenario 3, 7 — 3 ka BP:

At the beginning of U2 almost all T3 terrasses pass into subtidal area and, given the morphology of the
Bay, the subtidal area increases a lot. In the upper area of the Bay, locations of flood and ebb tide
currents are no longer the same, and no longer bidirectional. Main flood currents are driven by the
strait between Lanvéoc and Plougastel-Daoulas over T1, while ebb currents are mainly over T3. The
currents observed all over the upper area of the Bay are less intense than those during scenario 2, and
mud settles over all morphological domains. In this condition, the quantity of non-cohesive sediments
reaching the upper area decreases, compared to scenario 2. In the centre, the hydro-sediment dynamic
remains similar as during the time interval 7.5 to 7 ka. However, the erosion rate induced by tides (with
the same quantity of sediment supply) decreases compared to 7.5 - 7 (ka) over T2 and the
sedimentation rate increases over T3. However, T2 and T1 are globally still losing sediments.

Scenario 4, 2 ka BP — present-day:

During the final scenario, more intense currents take place in the upper area of the Bay than during
the previous scenarios. Non-cohesive sediments are transported further upstream towards the river
mouths, and mud settles only over T3. During this time interval, mud deposits are observed only over
T3 also in centre.

The analysis of these four scenarios allows us to understand the evolution of the water and sediment
flows in the Bay during the full Holocene. The gyre induced by flood and ebb tide currents (at the south
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of the central area of the Bay) gets quicker and quicker from scenario 2 to 4, especially between
scenario 3 and scenario 4. Fine sediments deposits (mud mostly and some fine-sands) are progressively
pushed towards T3 terrasses from scenario 1 to 4, and are no longer able to settle on slopes between
T2 and T3 during the final scenario (except in one place at the East of Lanvéoc). Most of non-cohesive
sediments transport take place over T2 since 7.5 ka (scenario 2); it increases through the Holocene and
reach its maximum during the final scenario 4. The sedimentation rate (with the same quantity of
sediment supply) increases again over T3 compared to scenario 3 and for the first time T2 accumulates
sediments.

Simulation results explains most of the sedimentary record observed in the Bay of Brest. The
distribution of depositional zones is consistent with the sediment thickness maps and grain-size classes
distribution with cores. Three points could be noted:

(1) the simulated thickness map does not fit well with sedimentary records over T2 for the last scenario
4. The simulations of scenarios 2, 3 and 4 suggest that the presence of non-cohesive sediments
frequently remobilized during the last 7 500 years. This simulation result is consistent with the recent
analysis of present-day sedimentary structures, and the seafloor sediment map, which displays
energetic sediment structures, mainly sand ridges, bars and comet tails. The small thickness of 1 to
maximum 5 m over T2 is certainly the result of the last 7 500 years (scenarios 2, 3 and 4) and not only
scenario 4 hydrodynamic.

(2) a greater sedimentation rate is simulated over T3 compared to T1 in the central part in scenario 3,
while sedimentary records display the opposite. However, simulations results and cores suggest that
the difference is mainly link with the sediment supply grain-size fractions (mud, fine sand, sand and
gravels proportions), which was probably sandier (and containing less mud) than the sediment supply
set up for scenario 3 simulation.

(3) Two cores in scenario 3 and in scenario 4 display coarse grain-size classes unexplained by
simulations. Those coarse sediments are potentially supplied by exceptional events, such as storm
winds or rivers floods. The core observations differ from the simulations in only two points for these
two scenarios, which represents a very good correlation.

Further simulations were run to evaluate the influence of sediment sources (boundary conditions) on
the infilling of the Bay of Brest: oceanic inputs represent around 55%, against 26% for rivers, of the
sediment supplied in the Bay during scenario 1, 62% and 9% during scenario 2, 89% and less than 1%
during scenarios 3, 94% and less than 1% in scenario 4. The weighted average along the deposition
period of the three units (Fig. 68) shows that oceanic inputs represent 82% of sediments supply during
the Holocene (9 Ka BP - present-day), against around 6% for river inputs. Moreover, the river water
discharge evolution is consistent with climatic and paleoenvironmental evolution of Brittany and
North-Western Europe. The decrease found in river water discharges is almost proportional to the
evolution of the river profile linked mostly to sea-level variations.

About implications for sequence stratigraphy interpretation in tide-dominated estuaries

The results obtained for the Bay of Brest led to several observations linked to sequence stratigraphy
interpretation of tide-dominated estuaries. In each scenario, simulated global sediment and grain-size
distribution shows that (1) the most energetic zone is composed of non-cohesive sediments, which are
certainly organized in sediment structures (e.g. sand ridges and bars, comet tails); (2) towards the
shallowest parts of the estuary (flanks and river mouths) sediment deposits are finer (mix of mud and
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fine sand); and (3) further towards the shallowest area and the coastline sediment deposits are only
muddy.

We also observed that the boundaries between erosion and deposition zones, and of cohesive and
non-cohesive sediment deposition, are not necessarily moving upward the estuary during the
Holocene transgression. The evolution of those boundaries is linked to the distribution and intensity
of tidal currents, which are closely linked to the sea-level rise and seafloor morphology. Those
boundaries move upward or downward the estuary depending on the volume of water transported by
the tide in relation to the active flow section width. Considering the same tidal amplitude, if sea-level
rises and the active flow section remains of similar width, a greater water volume pass through a
similar section and tidal current velocities increase. Thus, erosion/deposition and cohesive/non-
cohesive sediment deposition boundaries move upward of the estuary. When the active flow section
width increases, it is over flat and large terraces, which induce an important and fast modification of
the active flow section width. A slightly greater water volume passes through a much larger section
and it results in a decrease in tidal current velocities. Therefore, the mud/sand boundary moves
downward of the estuary. The phenomenon is amplified by the evolution of friction over flat
morphological domain, which is strong everywhere when its shallow and decreases with the increasing
depth.

This relation can be applied only in estuaries with a similar upstream morphology as the Bay of Brest,
as the evolution of the upstream tidal prism play a major role. Upstream areas of the Bay are only
rivers with steep banks and so the evolution of the tidal prism is almost proportional to the rise in sea-
level in those areas.

The evolution of depositional area between scenarios demonstrates also that erosion/deposition and
cohesive/non-cohesive boundaries are not equal to a depth threshold, but they vary with the
distribution of tidal currents. As seen previously, their distributions are linked to the shape of the basin
and the sea-level height, and locally the shape of the coastline can play a strong role. It highlights that
seafloor morphology is thus of an uppermost importance for the evolution of tidal currents distribution
over long periods (considering eustatic movements).

The detailed analysis of the hydro-sedimentary simulations allowed us also to formulate hypotheses
on the preservation of deposits in tide-dominated estuaries. Hydrodynamics promotes a better
preservation of HST (Highstand system tract) than TST (Transgressive system tract) in tide-dominated
estuaries. Unless an important increase of the active flow section width happens (e.g., during scenario
3), fine sediment deposits (fine sand and mud mostly) are progressively pushed towards the shallowest
terrasses during the transgression, and thus previous deposits are remobilized to feed the next
sedimentary unit (mainly because of tidal asymmetry in the Bay). During a transgression, fine shallow
deposits are thus preserved only over the shallowest domain (T3 in the case of the Bay of Brest). HST
fine sediment deposits are hardly removed from the shallowest morphological domain by the tidal
process, as it represents the highest sea-level.

Bottom currents decrease with the increase of depth, and thus potential deposition increases over
deepest domains. Only the scenario 4, the simulation at the present-day, displays sedimentation over
T2. Transgression deposits (from scenarios 2 and 3) are hardly preserved, except over the shallowest
domain of the transgression. Coarser non-cohesive sediments deposits are increasingly likely
deposited and preserved over deepest domains, as the sea-level rises. Thus, potential sediment
preservation during HST is more important over all morphological domains than during TST.
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Towards the definition of long-term morphogen tides

We consider the morphogen tides as the resume of all tides inducing significant morphological changes
within the Bay of Brest. To characterize these morphogen tides, we analysed the sediment volume
evolution for each scenario. Main sediment volume variations occurred during the same specific tide
periods throughout the four scenarios: (I) Short periods of about 7 days during equinoctial strong
spring tides induce most of sediment volume variations. They always induce deposition over the
shallowest terrasses, erosion over intermediate terrasses and in the main channel (which is globally
suffering erosion during the entire Holocene). (ll) Equinoctial moderate spring tides and solstitial
strong and moderate spring tides (~7 days) also induce significant sediment volume variations, but in
lesser proportion than equinoctial strong spring tides. They always induce deposition over the
shallowest terraces and intermediate terraces (T2, T3).

The evolution of the sediment volume is closely linked to the mean sea surface variation rate over a
few tidal cycles. We identified a threshold, about 1.25 m.h over which the tides are high enough to
induce significant sediment volume variations. Above this threshold, sediment volume variations grow
exponentially. Tidal currents globally promote erosion until the sea surface variations rate reaches its
highest value within the half lunar cycle (14.75 days). Then, tides promote deposition until the sea
surface variations rate reaches again the threshold.

7.2 Perspectives

Several perspectives arise from this PhD for future works on different topics:

Universal sequence stratigraphy principle? Our conclusions are based on the Holocene evolution of
the Bay of Brest, a paleo-fluvial bay protected from the waves by a strait. Results clearly demonstrated
that the hydro-sediment dynamic and its evolution, are closely connected to seafloor and coastline
morphology. To extend these conclusions to over tidal sedimentary systems, similar studies should be
carried out in other estuaries and bays with different morphologies and tidal regimes. This would help
us to better characterize the link between hydro-sedimentary dynamics and paleoenvironmental
evolution, e.g., to better understand the relationship between sea-level and coastline retreat rates,
and HST vs. TST sediment preservation.

Uncertainties on boundary conditions? Due to the lack of information in the past for sediment supply,
we assume the fine sediment concentrations were constant in rivers for all scenarios. Previous studies
give qualitative clues about precipitation and land run-off evolutions. It would be very interesting to
intend a trial-error calibration for suspended matter concentration too. The aim will be to explore a
more realistic sediment supply, to better fit river sediment supply history, even if they have a very
limited impact on hydrodynamics inside the Bay of Brest. Oceanic sediment supply was identified as
the dominant sediment source and the grain-size classes proportions were set constant for all
scenarios. Intend a new trial-error for grain-size classes proportions of oceanic sediment supply should
be carried out to better understand its impact on the Bay infilling.

Upscaling of the tidal impact on sediments? The most important step forward concerns the definition
of morphogen tides, which corresponds to the upscaling of the tidal processes, and of their long-term
impact on sediments and on the morphology of the Bay. Our four hydro-sedimentary scenarios of the
Bay of Brest give us access to four full 4D (x,y,z,t) digital models of the Bay, with a time step of 30
seconds, and a grid cell size of 250 m, calibrated on sedimentary records. These four scenarios are a
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numerical laboratory that will make it possible to better characterize morphogen tides, and the
evolution of their characteristics (amplitude, frequency), during the Holocene transgression.
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Annexes (chapter 4):

A lot of validation work were already done by several authors (see part 4.3.1). A further validation is
carried out. The model outputs are compared with 5 ADCP and the tide gauge of the Brest harbour
(Annexe 1). It concerns a case with a spatialized roughness length (Annexe 2) and a uniform roughness
length equal to 3.5mm (Annexe 3).
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Annexe 1: High resolution bathymetry, with the position of all ADCP and the tidal gauge of Brest harbour. A, B, C, D recorded
during 1 month (October 2014, Petton et al., 2016), E during 24 days (16 of July, ENSTA) and the tidal gauge during the
entire year 2014. The action limit of one rivers flooding event during a flood of neap tide (February 2014, described in
section 4.1) corresponds to black and red line.

Annexe 2: Validation of simulated currents with a spatialized ZO

Localisation Variable Percer?tage RMSE W.IHmOtt

correlation (%) index
Tidal gauge free surface 99 0,27m 0,93
U barotrope 70,3 0,1 0.47

ADCP A
V barotrope -11,2 0,06 0,37
U barotrope 61,7 0,04 0,57

ADCP B
V barotrope 82,6 0,03 0,64
U barotrope 96,4 0,04 0,87

ADCP C
V barotrope 75,9 0,02 0,62
U barotrope 96,6 0,05 0,82

ADCP D
V barotrope 95,4 0,05 0,78
U barotrope 89,6 0,14 0,65

ADCPE
V barotrope 97,5 0,16 0,74
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Annexe 3: Validation of simulated currents with a uniform Z0 (3.5mm)

Localisation Variable Percer)tage RMSE W.IHmOtt

correlation (%) index
U barotrope 95.9 0.05 0.81

ADCPD
V barotrope 95.1 0.05 0.78
U barotrope 85.7 0.16 0.62

ADCPE
V barotrope 94.4 0.23 0.67

The compared points reveal very slightly better values for the configuration with a spatialized

roughness length. This justifies the simplification of the approach and the use of a uniform roughness
length to facilitate comparison with past stages.
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Annexe 4: M2 component ellipses for each scenario, calculated from the barotropic currents U and V.

201



. ’, . —

Scenario 1 Scenario 2 %

A~ A/ H
N — Elorn orn
S2 » VZ -~ S2
/7
Daoulas N Daoulas A
: — - o
peninsula /<M/ K peninsula s /\/>\
el Y
by S p < o p

S ~ 2 ( ) S AN

Roscanvel | “Roscanvel [ °| - /
+ peninsula’’ _peninsula R
N Ve \ 4

4 4 ) ; N\ 1 Ly

/\. 4 NGNS - N NN ~ = 0 \

L M2 4 YT - . 7 Ao
7 \' Lanvéoc g [ ¢

~— 4
 clockwise & « clockwise 2 N
~ counterclockise « counterclockise \.‘ Aulne
. . // . e — 7
Scenario 3 Scenario 4

// Elorn

Brest = " .5\
S2 F

Daoulas

- Y e
peninsula %

I

/Roscanvel (*
peninsula * ¥
¢

s

T A

b LV e

) "3

%4 Lanvéoc <+ "+ -
N o

~ clockwise < ~ clockwise

 counterclockise Aulne  counterclockise

Annexe 5: S2 component ellipses for each scenario, calculated from the barotropic currents U and V.
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1 with a water river discharge equal to scenario 4, f: scenario 2 with a water river discharge equal to scenario 4, g: scenario
3 with a water river discharge equal to scenario 4.

203



River dischearge*10.9

Plougastel-Daoulas
peninsula

0.05
0.04
0.03
0.02
0.01

0.0 Ef

-0.01
-0.02
-0.03
-0.04
-0.05

River dischearge*1

Plougastel-Daoulas
peninsula

0.05
0.04
0.03
0.02
0.01
0.0 €
-0.01
-0.02
-0.03
-0.04
-0.05

Annexe. 7: On the right, bathymetric evolution after 1 year for scenario 1 (9 ka BP) and on the left bathymetric evolution
after 1 year for scenario 1, with a river water discharge equal to scenario 4. Red lines are morphological domain limits (T1,
T2 T3) and the black line is the present-day coastline. Grey lines represent the mean sea level (-26 m).
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Annexe 8: Distribution of ebb and flood tides currents velocities over 1 year for scenario 1, calculated from simulations of
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Annexe 9: Distribution of ebb and flood tides currents velocities over 1 year for scenario 2, calculated from simulations of
chap. 4. On bottom, bathymetric map displaying sampling locations (red and blue).
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Annexe 10: Distribution of ebb and flood tides currents velocities over 1 year for scenario 2, calculated from simulations of
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Annexe 11: Distribution of ebb and flood tides currents velocities over 1 year for scenario 2, calculated from simulations of
chap. 4. On bottom, bathymetric map displaying sampling locations (red and blue).

208



o,

M oo,
mw

30
(TWT, ms)

[ coarse sand to max.

[Imedium to coarse sand

[silt to fine sand

[ clay to silt/clay ‘ Top U3

Top U2

Annexe 12: (top) Interpreted seismic profile. (bottom) Photographs and lithologic log for cores Ks_38 and Ks_27. Dashed
purple and orange lines are markers from seismic interpretation and full purple and orange lines represent the interpreted
top of U1 and U2 (made to compensate the difference of resolution between cores and seismic profile).
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difference of resolution between cores and seismic profile). Maérl: only bioconstructions of Maérls.
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Résumé : L'impact de la marée sur les processus
hydrodynamiques et le remplissage sédimentaire long-
terme (quelques siécles a millénaires) des estuaires
reste mal compris. Ces travaux de thése sont une
contribution a la compréhension de cet impact tidal et
reposent sur une méthodologie en trois étapes
appliquées a la rade de Brest, un estuaire macrotidal et
protégé des vagues. (1) Des scénarii paléo-
environnementaux représentatifs d’'étapes clefs de la
derniére transgression marine (~9 ka BP. a actuel) sont
construits. (2) Les courants marins et I'impact de la
marée sur les sédiments sont simulés pour chaque
scénario avec le modele hydrodynamique MARS3D,
puis hydro-sédimentaire MUSTANG. (3) L’impact du
forgage tidal sur I'érosion, le transport et le dépbt des
sédiments est analysée en fonction de I'évolution de la
morphologie de la rade suite a son ennoiement
progressif au cours de [I'Holocéne. Au-dela des
conclusions locales, I'étude a permis : (1) de confirmer
le schéma conceptuel de dépét de Dalrymple et al.
(2012) a plusieurs stades d’'une transgression ; (2) de
montrer que la limite de dépét entre les sédiments
sableux et vaseux n’est pas égale a un seuil de
profondeur d’eau, mais dépend de la distribution des

courants, qui évoluent en fonction du niveau de la mer et
de la largeur de la section active; (3) de confirmer une
meilleure préservation des unités sédimentaires pendant
les haut-niveaux marins (HST) que pendant les
transgressions (TST) dans les estuaires dominés par la
marée; (4) de mettre en place un laboratoire numérique
réutilisable sur 9 ka. L’étude cherche ensuite a définir la
(ou les) marée morphogéne en rade de Brest au cours
de I'Holocéne. L’analyse de I'impact de la marée sur les
variations du volume de sédiment a démontré que : (1)
toutes les variations significatives se produisent durant
les vives eaux fortes d’équinoxe et, dans de moindres
proportions, durant les vives eaux modérées d’équinoxe
et les vives eaux de solstice ; (2) les variations
significatives se produisent quand la vitesse maximum
de variation de la surface libre lors d’'un cycle de flot et
jusant dépasse ~1.25 m.h™'. Les deux groupes de marée
sont prometteurs pour déterminer deux marées
morphogénes et obtenir un forgcage simplifié pouvant
reproduire I’évolution morphologique de I'estuaire sur un
an. Ce qui permettrait de réaliser un changement
d’échelle temporel et simuler la morphodynamique des
estuaires sur de longues durées (quelques siécles a
millénaires).

Numerical modelling of the impact of tidal currents over the long-term: application to Holocene sedimentary

records from the bay of Brest.
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Abstract: The impact of tides on the hydrodynamic
processes and the long-term (centuries to millennia)
sediment infill of estuaries remains poorly understood.
This thesis is a contribution to the understanding of this
tidal impact, based on a three-step methodology applied
to the bay of Brest, a macrotidal estuary protected from
waves. (1) Paleoenvironmental scenarii representative
of key stages of the last marine transgression (~9 ka BP.
to present-day) are constructed. (2) Marine currents and
tidal impact on sediment are simulated for each scenario
with MARS3D hydrodynamic model, then MUSTANG
hydro-sedimentary model. (3) The impact of tidal forcing
on erosion, transport and deposition of sediments is
analysed in relation to the evolution of the morphology of
the bay following its progressive flooding during the
Holocene. Beyond the local conclusions, the study
allowed to: (1) confirm the conceptual deposition
scheme of Dalrymple et al. (2012) at several steps of a
transgression; (2) show that the depositional boundary
between sandy and muddy sediments is not equal to a
water depth threshold, but depends on currents

distributions, which evolve according to sea-level
variation and active flow section width; (3) confirm a
better preservation of sedimentary units during high sea-
level stages (HST) than during transgressions (TST) in
tide dominated estuaries; (4) set up a reusable
numerical laboratory over 9 ka. The study then seeks to
define the morphogen tide(s) in the bay of Brest during
the Holocene. The analysis of the impact of tides on
sediment volume variations revealed that: (1) all
significant variations occur during equinoctial strong
spring tides and, in lesser proportions, during equinoctial
moderate and both solstitial spring tides; (2) significant
variations occur when the maximum sea surface
variations rate, during an ebb and flood cycle, exceeds
~1.25 m.h"'. The two tidal clusters are promising to
determine two morphogen tides and to obtain a
simplified forcing that can reproduce the morphological
evolution of the estuary over one year. This would allow
a temporal upscaling and to simulate the
morphodynamic of estuaries over long periods (a few
centuries to millennia).



