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Abstract

The Celtic Deep-Sea Fan located in the northwestern part of the Bay of Biscay is a middle sized fan with a surface area of
more than 30,000 kfn The whole system is a mature mud/sand-rich submarine fan on a passive margin.

Multi-beam echo sounder data, 3.5 kHz seismic and 1ieliberg cores were examined to define the fan morphology, the
lithological characteristics, the sedimentary processes and the relationship between the evolution of the fan deposits and the
environmental conditions on the Celtic continental shelf.

The upper fan is characterised by the presence of two distinct tributary systems: (1) the Whittard system with a large,
persistent, slightly sinuous channel, which is linked to the southern end of the Irish Sea River system; and (2) the Shamrock
system, with a moderate sized channel, which is linked to the western end of the English Channel River system. The middle and
lower fan corresponds to divergent braided secondary channels and associate lobes. Successive lobe elements, without impor-
tant relief, were generated during periodic avulsions of middle fan channels.

The lithological, palaeontological, and geochemical analyses on cores show the evolution of sedimentation since the last
glaciation. During the last lowstand and rise of sea-level frequent low-density turbidity currents were predominant and
deposited sediments throughout the whole fan system. They were initiated at the front of a deltaic environment on the Celtic
outer-shelf. During the high sea-level conditions, occasional high-density turbidity currents and/or non-cohesive debris flows
occur and were responsible for sand deposition in the middle-lower fan. They are derived from reworked sands due to the high-
energy conditions on the outer shelf. Thus for the Celtic Fan, the variations of the hydrodynamic conditions on the outer Celtic
Shelf seem to be the primary control on facies shift and fan gro@tB000 Elsevier Science B.V. All rights reserved.
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1. Introduction ways to improve our knowledge of the sedimentary
processes, which are involved in the building of
1.1. Statement of problem turbidite systems. Comparisons between recently

mapped fans and those largely documented in the
Research on modern deep-sea fans is one of the bestiterature e.g. Indus Fan (Kolla and Coumes, 1987;
Kenyon et al.,, 1995), Mississippi Fan (Bouma,
* Corresponding author. Fax: 33-5-56-84-08-48. 1985; Bouma et al., 1989; Weimer, 1990; Twichell
E-mail addresss.zaragosi@geocean.u-bordeaux.fr (S. Zaragosi). €t al., 1991; Schwab et al., 1996), Amazon Fan
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Fig. 1. Bathymetry and morphological setting of the Bay of Biscay. Bathymetry after Sibuet et al. (1994). Sand transport direction after Kenyon
and Stride (1970).

(Damuth and Flood, 1985; Damuth et al., 1988; Flood  After the previous works of Reid and Hamilton
and Piper, 1997), Zaire Fan (Droz et al., 1996) are of (1990), the first important studies of the Celtic Fan
major interest for the improvement of submarine fan were initiated in 1996 by the SHOM and IFREMER
models. In addition studies of modern turbidite institutes. The complete survey of the area by IFRE-
systems bring important information on sea-level MER was completed in 1997 (Auffret et al., 2000) in
changes, sediment flux to the deep oceans, oceanthe framework of the ENAM Il European programme
circulation, and regional and global climate variations (MAST 3). One of the major objectives of this
(Flood and Piper, 1997). Moreover, fan environments programme was to study the evolution of the sedimen-
are preferential depositional areas on the margins with tary fluxes along the eastern European North Atlantic
particularly high sedimentation rates and may offer a Margin.

high resolution sedimentary record of these vari-  This work complements the recent studies on the
ations. The Celtic Fan (Fig. 1) recently mapped in English Channel system and the Celtic Continental
the Bay of Biscay (Droz et al., 1999; Auffret et al., Shelf (Lericolais et al.,, 1995; Lericolais, 1997;
2000), provides an opportunity to investigate a deep Reynaud et al., 1999a—d), and on the outer shelf and
depositional system, disconnected from direct fluvial continental slope (Bourillet and Loubrieu, 1995).
input, in relation to the palaeoenvironmental In the present study a large set of data available on
evolution of the Celtic margin. the area (Multi beam echo sounder data, 3.5 kHz
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seismic and Klienberg cores) has been examined in Moreover the Celtic Sea sand banks located on the

order to address three main objectives: outer shelf constitute a large volume of sandy mate-
rial, which is subject to reworking. These elongated,

1. overall fan morphology and subdivisions; parallel banks oriented at right angles to the shelf
2. lithological characteristics and sedimentary break are up to 35m high, 5-7 km wide and 40—
processes of the different environments; 180 km long. The processes, which have controlled

3. relationship between the evolution of the fan their deposition, are still uncertain: erosional
deposits, the sea-level change, and the climatic remnants of lowstand nearshore deposits (Bezhe
and environmental changes on the Celtic Continen- al., 1998; Marsset et al., 1999) or totally reworked

tal Shelf. transgressive shelf deposits (Reynaud et al., 1999b).
Whatever the case, these banks are located at the front
1.2. Regional setting of a former lowstand estuarine or deltaic system.

Indeed, at the end of the Marine Isotope Stage 3

The Bay of Biscay is a passive margin containing (MIS 3) and throughout the MIS 2, the English Chan-
three main deep-sea fans (Fig. 1). The Cap Ferret Fannel was a large alluvial plain flooded by a large river,
to the South (Cremer et al., 1985), the Armorican the so-called Channel River. This river was formed by
Fan in the central part of the bay (Le Sia2€00), the confluence of most of the northwest European
and the Celtic Fan in the northwestern part. The Celtic rivers (Rhine, Meuse, Thames, Solent, Somme,
Fan extending southward, is bounded to the east by Seine,...) (Gibbard, 1988; Lericolais, 1997). During
the Trevelyan Escarpment and the Armorican Fan, this period, a broad delta was developed at the outflow
to the south by the Biscay Sea Mount, and to the of this river (Berrieet al., 1998). The last sea-level
west by the Biscay Abyssal Plain. It lies at the foot lowstand never allowed the connection between the
of the Celtic Continental Margin between 4200 and river and the canyon heads as shown by the present
4900 m water depth. The fan is approximately 200 km 120 m isobath on the Celtic Margin, which is about
long and 250 km wide and spreads over more than 150 km from the shelf break. Despite the impossibil-
30,000 knf. Its activity began in the Miocene and ity of direct connection, the NE—SW direction of the
its present morphology was developed during a rela- Celtic Sea sand banks and the English Channel
tively stable tectonic context (Droz et al., 1999). The Palaeo-Valley (Fig. 1) associated with tidal currents
fan is connected with the Celtic margin slope by two presumed about twice as strong as those at present
major deep-water channels: (1) the Whittard Channel during low sea-level conditions (Belderson et al.,
which is supplied by the Great Sole drainage area 1986) suggest a major NE—SW trend for the supply
linked to the southern end of the Irish Sea system transport to the deep ocean since the last lowstand of
(Fig. 1); (2) the Shamrock Channel which is supplied sea-level.
by the Little Sole drainage area linked to the western
end of the English Channel system (Kenyon et al.,
1978; Sibuet et al., 1994; Bourillet and Loubrieu, 2. Material and methods
1995).

The Berthois Spur, prolonged by the Meriadzek 2.1. Acoustic mapping
Terrace and the Trevelyan Escarpment, is a morpho-
logical boundary between the Celtic Margin and The bathymetry and acoustic imagery are provided
the Armorican Margin (Fig. 1). This feature splits from the multibeam echosounder (SIMRAD EM12)
the shelf supply between the Celtic Fan and the survey of the fan conducted on the R/Atalante
Armorican Fan. (IFREMER) during the cruises SEDIFAN 1 and 2

At present, high-energy hydrodynamical conditions (Auffret et al., 2000) and on the R/\Esperance
on the Celtic Shelf (storm and spring tidal currents) (SHOM) during several cruises. On the multibeam
are able to transport sediment from the near shore echosounder images (Fig. 2b), lighter areas indicate
areas to the margin slope (Kenyon and Stride, 1970; low acoustic backscatter and darker areas indicate
Johnson et al, 1982; Reynaud et al.,, 1999d). high backscatter.



S. Zaragosi et al. / Marine Geology 169 (2000) 207-237 209-216

(a) (b)
12°W 11°'W 10°W 9°W 12°W 11°W 10°W 9°W

2w 11°W 10°W oW L ) . .
i (d) q12°W 11°W 10°W o°W 12°W 11"W 10W O°'W

4600m

4600m §

]4300-4400m
D4400-4 )0

4500-4600m
I 4600-4700m

= .
4700m 2 DA AR ~ LVOE ORI =
o - ¥

47°N ‘_ h 4 ‘/’
4

CENTRAL

I 4700-4800m 47°N
I >4800m MIDDLE A !
o o o o 4800“1 ) 1 FAN \ . -w.a:.\ . v \ ' 470N ‘—.. g : - ] \,\_ - o N
47°N 47°N 47°N 47°N : R A 4, W . AN 47N
' — = S03 y -
a4 CELTIC . MK ASKS04—— AKSO1

4800m FAN \ T CHANNEL
. \ LEVEE . T
e N CHABERT i MKS K02
N CHANNEL
S s N\ e
e A I YAY = - -
(_;/:::::::.'::::::/;' 17"’ \'-.._-______'/
ey :;r' UNCORED DEPOSITIONAL
t."'.\'.;-l.:__'_;'_,?, LOBES J SKS -.
46°N —— 46°N WA e,
12°'W 11°W 10°W o'W L ,
~ . _ +  Fansubdivision limits o f% Small unleveed channels l'-.\\: Sediment waves associated with Callpiiars T ,.»
e or abandoned channels " '-\\ large scale levee instabilities ' d e
. Sea mounts or topographic highs Maior | . 46°N Vaal dd 46°N
46°N 46°N 46°N 46°N SR .~/  Lastdepositional lobe . i L ) i
— Major channels = A 12°W 11°W 10°'W 9°'W 46°N

12°W 11 oW 10°W goW 126W 11 oW 10°W gow ':f>\:' Sediment waves Low backscatter deposits 120W 11 QW 10',,W goW

,[ 4 Path of overflow currents e

Fig. 2. (a) Detailed bathymetric map, based on multibeam ecosounder survey (Auffret et al., 2000) of Celtic Fan with location of cores. (b)
Multibeam ecosounder mosaic of the Celtic Fan (Auffret et al., 2000). High backscatter is darker tones. (c) Morphologic map of the Celtic Fan.
(d) Map of echofacies distribution in the Celtic Fan and location of profiles A-B, C-D and E-F. (e) Shaded bathymetric map of the Celtic Fan.
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Table 1
Location of cores

Core number Latitude Longitude Depth Cruise Year Institute
(m)

MD952002 472712 N 08 32.03 W 2174 MD IMAGE 1 1995 IFREMER
MKSO01 46 46.53 N 09 54.53 W 4580 MODENAM 1996 IFREMER
MKS02 46 33.79 N 10° 10.63 W 4670 MODENAM 1996 IFREMER
MKSO03 46 54.63 N 10° 03.60 W 4540 MODENAM 1996 IFREMER
AKSO01 46 49.73 N 09 30.98 W 4030 ACORES 1996 SHOM
AKS02 46 47.62 N 0% 42.33 W 4595 ACORES 1996 SHOM
SKS01 4856.10 N 09 57.99 W 4540 SEDIFAN 1997 IFREMER
SKS02 46 15.95 N 11°02.17 W 4818 SEDIFAN 1997 IFREMER
SKS03 4807.08 N 11° 04.00 W 4824 SEDIFAN 1997 IFREMER
SKS04 46 49.60 N 09 51.60 W 4601 SEDIFAN 1997 IFREMER
SKS06 4826.94 N 10° 33.99 W 4783 SEDIFAN 1997 IFREMER
SKS08 48 27.78 N 10° 22.88 W 4760 SEDIFAN 1997 IFREMER
SKS09 4827.78 N 10° 22.94 W 4756 SEDIFAN 1997 IFREMER
GG 72113 4708.90 N 0% 24.40 W 4396 GEOGAS 1972 IGBA

6000 km of hull-mounted 3.5 kHz seismic lines
were collected during the IFREMER cruises
(MODENAM and SEDIFAN 1) and SHOM cruises.
In addition 900 km of 3.5 kHz seismic lines were
collected during the cruise SEDIFAN 2 with the
SAR high-resolution deep-towed sidescan system.

foraminifer investigations$*®0 isotopic analyses and
AMS *C dating. The IMAGES core MD952002

located on the Meriadzek Terrace was used as a refer-

ential record for the Bay of Biscay (Table 1, Fig. 3)
and was compared to previous results in the area
(Pujol, 1980; Duplessy et al., 1981; Loncaric et al.,

1998). The Marine Isotope Stages and estimated ages
are derived froms*%0 isotopic chronology (Martin-
son et al., 1987) and froffC dating.

The limit between the Marine Isotopic Stage 2
(MIS 2) and the MIS 1 is located at 12,050 BP
(Martinson et al., 1987). This limit is characterised
by the shift from arctic/subarctic microfauna to
transitional/subtropical winter microfauna (Fig. 3,
Table 2).

The limit between the MIS 3 and MIS 2 is estimated
at 24,000 BP. In the Bay of Biscay, this limit is
characterised by a change from transitional to
subarctic microfauna.

During the MIS 1 (postglacial phase), a sporadic
development of a left-coiling population @Globoro-
talia truncatulinoidesoccurs. The peak of abundance

Usual piston cores about 10 m long penetrate only is dated at 9078 BP in the core MD952002 (Fig. 3).
the superficial part of thick sedimentary deposits This event is recognised throughout the entire North
typical of submarine fans and thus sample only the Atlantic and begins at 9800 BP and finishes at 7000 BP
most recent time intervals. For this reason, our study (Pujol, 1980; Auffret et al., 1996). It is associated with

2.2. Sedimentary cores

Twelve Kilenberg cores were collected during the
cruises ACORES (SHOM, 1996), MODENAM
(IFREMER, 1996), and SEDIFAN (IFREMER,
1997) (Table 1, Fig. 2a). After physical properties
measurements (magnetic susceptibility and gamma
density), thin slabs (15 mm thick) were sampled and
analysed in the SCOPIX X-ray image processing tool
(Migeon et al., 1999). Subsamples were taken in order
to measure: (1) carbonate content using gasometric
calcimetry; and (2) the grain size using a Coulter LS
130 and a Malvern MASTERSIZER S.

2.3. Stratigraphy

of the fan deposit evolution is limited to the last
24,000 BP.

a change in the coiling ratio of th&loborotalia
hirsuta population (Fig. 3). At the base of the post-

The stratigraphic framework is based on planktonic glacial phase (Bglling-Allergd event), ti@&. hirsuta
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Fig. 3. Reference stratigraphic framework using the core MD952002 located on Meriadzek Terrace.

population is mostly sinistral. They will become by the Laboratory of AMS dating at Gif-sur-Yvette

dextral, as they are today, synchronous to the decreasgCore MKS03 and MD952002) (Table 3). Al'C

of the left-coiling population of>. truncatulinoides dates are corrected for the reservoir effect of
These changes in coiling ratio allow separation of —400 years. Calibrations to calendar ages are

the MIS 1 period into: (1) the upper Holocene (0— proposed in Table 3 using the Stuiver calibration

7000 BP); (2) the lower Holocene (7-10,000 BP); (Stuiver et al., 1998).

and (3) the Bglling-Allergd event (10—12,000 BP). 580 isotopic analyses on planktonic foraminifers
AMS YC dating was performed on planktonic have been made at the Laboratory of Environmental

foraminifers by the Beta Analytic Radiocarbon and Climate Sciences (LSCE) at Gif-sur-Yvette (Core

Dating Laboratory (Cores SKS02 and SKS04) and MKS03 and MD952002).
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Table 2
Planktonic foraminiferal association

S. Zaragosi et al. / Marine Geology 169 (2000) 207-237

Arctic Subarctic

Transitional/subtropical

Neogloboquadrina pachydernaeft coiling

Neogloboquadrina pachyderniight coiling
Globigerina bulloides
Globigerina quinqueloba

Orbulina universa
Globorotalia truncatulinoides
Globorotalia hirsuta

Globorotalia inflata

Turborotalia humilis

Globigerinita glutinata

Globorotalia scitula

3. Results
3.1. Fan morphology

According to morphological and acoustical charac-
teristics, the Celtic Fan is divided into three main
physiographic areas: the upper, middle and lower
fan (Fig. 2c).

The upper fan extends from the 4200 m isobath to
4650 m depth, beyond which lobes begin to develop.
It is characterised by two main tributary channels: (1)
the Whittard Channel, to the west, which is a promi-
nent sinuous tributary channel, directly connected to
the Whittard Canyon; and (2) the Shamrock Channel

than 10 km wide. The right levee is named the
Whittard Ridge. This ridge spreads over an area of
about 3500 kriiand is covered by a field of sediment
waves. (Figs. 2 and 4). Sediment waves are particu-
larly conspicuous along the sinuous section of the
channel. Their wavelengths range from 500 to
2000 m and their amplitudes from 5 to 50 m. On the
levee back-slope sediment waves are associated with
rotational faults and slumps due to levee instabilities
(Figs. 2c and 4).

Presently, the Shamrock Channel, (2200 m wide
and 10-50 m deep) associated with the Shamrock
Ridge is partly filled (Fig. 2c and e). This channel
transports sediment downstream from the Little Sole

to the east, with a smoother surface expression, which Drainage Area to: (1) the Meriadzek Basin, a small

is the prolongation of the Shamrock Canyon.

The Whittard Channel (Figs. 2 and 4) is 2.5-3 km
wide, approximately 100 km long, and has 70—150 m
of relief from the channel floor to the right levee crest.
The bordering levees are strongly asymmetrical. The
right levee is 60 km wide, while the left one is less

Table 3
AMS C ages with calendar age correspondences (Stuiver et al.,
1998)

Core number Sample  Conventional Calendar age
(cm) age (reservoir (Cal BP)
correction) (BP)
SKS04 28-31 1218 40 1177
SKS02 56-58 187¢ 40 1880
SKS02 91-93 1120+ 50 13,007
MKS03 0-1 1268t 60 1237
MKS03 29-30 7028 80 7902
MKS03 306-307 12758+ 110 15,302
MKS03 360-361 12648+ 100 15,168
MKS03 492-493 12718+ 120 15,257

marginal basin of 2500 kfnlocated between the
Meriadzek Terrace and the Trevelyan Escarpment;
and/or (2) to the middle and lower Celtic Fan. The
Shamrock Ridge is the single levee of the Shamrock
Channel. This ridge is of small size (500 Rnand is
also covered by a field of sediment waves perpen-
dicular to the channel axis.

To the South, the Whittard Channel and the
Shamrock Channel merge into a unique main channel
in the narrow passage induced by the Trevelyan
Escarpment and the Whittard Ridge (Fig. 2c). This
passage constitutes an area where all the supplies,
coming from the Great Sole and Little Sole drainage
areas, mix together before their transfer into the distri-
butary channels and the middle and lower fan. At
present, the deep distributary channel system radiates
outward from this sediment distribution point, with
two main active distributary channels: (1) the Celtic
Channel to the west associated with the southernmost
part of the Whittard Ridge; (2) the Chabert Channel to
the east. A low relief levee called the “Central Levee”
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is located between these channels (Fig. 2c). Each of
these channels feeds a complex network of secondary
braided channels. 280 cm
The upper-middle fan boundary corresponds to the
disappearance of the channel-levee systems and the
appearance of lobe deposits. The middle-lower fan
boundary is approximately marked by the downslope 285 cm , g :
disappearance of the secondary channels at the scale e . ' N |7
of the multi-beam bathymetric maps. The middle and —_—— P T .
. -radiograph ~ Description Mean grain size
lower fan include the area of secondary channels and (um)
their related lobes. It is smooth and very gently slop-
ing with an average gradient of 0.0Blumerous small Fig. 5. Example of Facies 3 (section of core SKS01) consisting of
unleveed secondary channels cross this part of the fan.alternating silt and mud laminae, with an upward decrease in the
A specific morphological unit with a very low back- t_hicknes_s of indi_vi_dual silt laminae. This facies is interpreted as
L. . fine-grained turbidites.
scatter corresponds to a depositional lobe (Fig. 2).
This low-backscattering lobe is built downstream of
the Celtic Channel by imbricated braided secondary It is observed in the majority of the Celtic Fan cores
channels and finger-like sublobes. It is superimposed within the MIS 1 interval.
on higher-backscatter structures (older lobes) and its
lateral boundaries cut across the bedforms covering 3.2.1.2. Facies 2: homogenous, structureless clay:
these older lobes. The low-backscattering lobe is the hemipelagic claysFacies 2 consists of thin (few
latest depositional lobe. It has an approximate length centimetres) to thick (several metres) intervals of
of 90 km and a width of 45 km and has a surface area structureless olive grey clay. The mean grain size is
of about 3200 krh less than 1um and the CaCgxontent less than 20 %.
This facies is present during the MIS 2 and has been
interpreted as hemipelagic drape deposits.
Facies 2 contains in places black coloured bands.
3.2.1. Sedimentary facies This banding is present in several deep environment

Seven sedimentary facies types have been recog_faC|es (Cremer, 1982; N_elson et al., 1992; Normark
nised in twelve cores from the Celtic Fan. These facies and Damuth, 199_7,) and is u_sually due tq -the presence
types have been defined using: (1) photography and of black hydrotr_mhte. Sglectl\{e hydrotroilite staining
X-ray imagery: (2) grain size analyses and CaCO causes laminations. This facies sug.gests organic rich
content: and (3) comparison with previous sedimen- s_upp_lles and/or_enham_:ed preservation. This preserva-
tary facies classifications (Pickering et al., 1986; tion is due to high _s_ed|mentat|0n rates and/or anoxic
Normark and Damuth, 1997). bottom water conditions (Stow et al., 1996).

SMOLINg

3.2. Sediment distribution

Most of the cores display few coring artefacts and

no disruption due to gas expansion. 3.2.1.3. Facies 3: laminated silt and clay: fine-grained

turbidites.Facies 3 consists of thinning up silt laminae

(Fig. 5). It forms sequences with sharp contacts at both
3.2.1.1. Facies 1: homogenous, structureless marly base and top, and shows important variations in
ooze: pelagic to hemipelagic marly ooZ€eacies 1, thickness (1 to 20 cm). The number of silt laminae
with relatively high concentration of foraminifera, is varies from 1 to 15, sometimes the basal laminae
composed of structureless light grey to light brownish shows cross-stratifications. The mean grain size
grey marly ooze. The mean grain size is less than varies from 50um (silt laminae) to Sum (clay
10pm and the CaC@content ranges between 30 intervals). The CaC@content is less than 30 %.
and 60 %. These sequences are observed during both the MIS

This facies forming the modern seafloor has been 1 and 2. During the MIS 2 this facies could contain

interpreted as pelagic to hemipelagic drape deposits. black hydrotroilite colour bands.
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This fine-grained turbidite facies (Td and Te
divisions of the Bouma turbidite sequence; Bouma,
1962) is interpreted as being deposited by low-density
turbidity currents.

3.2.1.4. Facies 4: thin bedded very fine sands: fine-
grained turbiditesFacies 4 varies from very fine sand

to coarse silt and forms layers with a thickness lower
than 5cm. It commonly exhibits apparent flow-in
caused by the coring. The layers without disruption
show contact at bottom, cross-stratifications and
grade upward from very fine sands to silts. They are
observed during both the MIS 1 and 2, systematically
associated to the Facies 3. They were interpreted as
fine-grained turbidites (Tc division of Bouma).

3.2.1.5. Facies 5: thick, disorganised sandy layers:
turbidite and/or non-cohesive debris flow deposits
(grain flow). Facies 5 consists of fine sand beds with
a thickness up to 50 cm. These layers appear to be
massive or structureless with large, irregularly
shaped mud clasts.

These sandy layers, mainly composed of detritus
(quartz), are only observed during the MIS 1. They
are interpreted as being deposited by high-density
turbidity currents (Ta division of Bouma) and/or
non-cohesive debris flows.

3.2.1.6. Facies 6: thick, organised sands: turbidite.
Facies 6 consists of medium to very fine sand, with a
layer thickness up to 10 cm. They display a variety of
bedding structures: (1) normally graded; (2) inversely
graded; and (3) ungraded but with a normally graded
terrigenous part after carbonate removal.

The composition varies from terrigenous (quartz) to
biogenic (forams). These graded sandy layers are only
observed during the MIS 1. They are interpreted as
being deposited by high-density turbidity currents (Ta
division of Bouma).

3.2.1.7. Facies 7: disorganised sandy clays: slump or
debris flow. Facies 7 consists of thick intervals
(>1m) of deformed or chaotic clay with mud
clasts, or discordant, contorted, folded beds (Fig. 6).
It can contain deformed silty to sandy layers. Several
of theses facies contain black hydrotroilite colour
bands, which emphasize the disruption. This facies
is interpreted as resulting from mass transport
deposits (slump or debris flow).

S. Zaragosi et al. / Marine Geology 169 (2000) 207-237
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Fig. 6. Example of Facies 7 (section of core SKS08) consisting of
deformed or chaotic clay with silty to sandy layers. This example
contains black hydrotroilite colour bands, which emphasise the
disruption on the core photograph. This facies is interpreted as
resulting from mass transport process (slump or debris flow).

3.2.2. Seismic 3.5 kHz echofacies

In this study the 3.5 kHz echofacies have been
classified according to Damuth's methodology
(Damuth, 1975; Damuth and Hayes, 1977; Damuth,
1980). The echo-character mapping and the interpre-
tation are carried out using, in addition, the multibeam
echosounder data (bathymetry and imagery) and the
core lithologies.

Seven types of echofacies have been recognised
on the hull-mounted profiles from the study area
(Table 4). The map of echofacies distribution
(Fig. 2d) is a compilation of the 3.5 kHz data available
on the fan.
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Table 4
3.5 kHz echofacies classification using the Damuth echo types (Damuth and Hayes, 1977; Damuth, 1980)

Echo type Interpretation Details
1B
Sharp continuous with numerous Hemipelagic sedimentation

parallel sub-bottoms

A
Semi-prolonged with intermittent 1. Occurrence of coarse sediment
parallel sub-bottoms 2. Hemipelagic sedimentation with interbeds of coarse
sediment
3. Sequences of alternating silt and clay laminaes
1133
Very-prolonged with no sub-bottoms Occurrence of thick, coarse, bedded sediment
IIA/1IB
Intermediate betweehA andlIB Intermediate betweehA andIIB
e
Regular overlapping hyperbolae with Irregular and/or steep sea-floor (channel)

varying vertex elevations

INF
Irregular single hyperbolae with non- Sediment waves and/or levee instabilities
conformable sub-bottoms

DF

Acoustically transparent unit with Mass-transport deposits as slumps or debris flows
prolonged echoes or regular

overlapping hyperbolae tangent to the

sea floor
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3.2.3. Sediment distribution on the upper fan ciated with the presence of both sediment waves and
The 3.5 kHz echofacies of the Shamrock Ridge levee instabilities (rotational faults and slumps)
essentially consists of echo-typBF. This echo is (Figs. 2d and 4).
associated with the presence of sediment waves Two cores have been collected on the Whittard
(Fig. 2c—e). Despite the lack of sampling, the occur- Ridge and are localised in the south of the Ridge
rence of overbank deposits on the ridge can be related(SKS01 inllA echofacies area and MKSO03 IHF
by the following attributes: (1) the localisation of the echofacies area, Figs. 2a and 7). The cores mainly
ridge along the Shamrock Channel; (2) the presence of consist of two sedimentary facies: (1) laminated silt
sediment waves; and (3) the orientation of the and clay (Facies 3) is the most common facies (90%
sediment wave crest which is perpendicular to the of the cores) associated with; and (2) a few beds of
assumed path of overflow currents (Fig. 2c and d).  coarser sediment (Facies 4). THA andIlIF echo-
The presence of thdlB echo (very-prolonged facies associated with turbidite deposits (Facies 3
without sub-bottom reflectors) on the floor of the and 4) reflect the building of the Whittard Ridge
Shamrock Channel indicates the presence of coarseby turbidite overflow processes. However, the occur-
sediments. The gentle relief of this channel and the rence of sediment waves and deposits disturbed by
absence of hyperbolic echoes indicate that this chan-rotational faults, slumps and erosive features result
nel is partly filled by the last gravity events. in the IlIF hyperbolic echotype. The disturbances
On the Meriadzek Basin, the 3.5 kHz echofacies are due to: (1) gravity destabilisation induced by
presents an evolution from the Shamrock Channel to the levee growth and sedimentary stacking; and
the eastern deeper part of the basin. This organisation(2) gravity currents coming from the King Arthur
from thellB echofacies to the west ttA—I11B andIIA Canyon to the North. These currents are responsible
eastward suggest a decrease in the grain size andor erosion on the levee sea-floor and discontinuities
thickness of coarse grained deposits. The Geogason the 3.5 kHz records. ThBF echofacies in the
72113 core (GG13) located in the middle of the northwestern part of the studied area is related to
basin in thellA/lIB echofacies area (Fig. 2a) is another system supplied by the King Arthur Canyon
composed of homogeneous fine sand (Berthois et (Figs. 1 and 2d).
al., 1973) and confirms the occurrence of sandy In the narrow passage induced by the Trevelyan
deposits. ThedlB echofacies area is composed of a Escarpment and the Whittard Ridge, the two distribu-
southward elongated tongue along the Shamrock tary channel floors (Celtic and Chabert channels, Fig.
Channel in addition to the lobe-shaped area in the 2c) present a downslope evolution from the hyperbolic
Meriadzek Basin. All this data suggests that part of IlIF to the low penetratiofiB echofacies. This evolu-
the sand coming from the Shamrock Channel, which tion reflects the modification of the channel morphol-
is fed by the Little Sole drainage area, is deposited on ogy with a valley relief decreasing just before the upper-
the Meriadzek Basin and the other part is transported middle fan limit. No core was directly collected from
further down the Channel and merges southward with the axis of these channels. The two available cores,
the Whittard Channel sediments. SKS04 and MKSO01 (Fig. 2a), are located on the edges
The presence dF echofacies in the eastern part of of the Central Levee, between the Celtic and Chabert
the Meriadzek Basin could be related to local slumps channels. The SKS04 core near the Chabert Channel
or debris flows coming from the slopes of the consists of graded sandy layer (Facies 6) overlying
Meriadzek Terrace or the Trevelyan Escarpment. homogenous marly oozes (Facies 1) and thin sand
On the Whittard Ridge, two echo type areas are layers. The MKSO1 core located in the south of the
present (Fig. 2d). ThdlA echo type area located Central Levee near the Celtic Channel consists of a
along the straight path of the Whittard Channel very thick (150 cm) disorganised sandy layer (Facies
corresponds to semi-prolonged echoes with intermit- 5) overlying silt and clay laminae sequences (Facies
tent sub-bottoms. ThéllF echo-type area located 3). Despite the absence of cores from the bottom of
northward of the Whittard Ridge, on its outward the channels, the sandy nature of channel-fill deposits
surface, is constituted of semi-prolonged echoes can be expected from: (1) the presence of sandy layers
with irregular hyperbolaes. This echofacies is asso- on the edge of the channels (SKS04 and MKSO01, Fig.
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Fig. 7. Sedimentological core logs from the Celtic Fan, showing grain-size variation, lithology and bed thickness. Dashed lines on the left side of
logs show the presence of black hydrotroilite staining (location of cores are presented in Fig. 2a and d).

7); (2) the low backscatter at the bottom of the channels interval between 40 and 150 cm, with deposits show-

(Fig. 2b); and (3) the nature of the 3.5 kHz echofacies ing the same facies organisation as the Whittard

(INF andlIB; Table 4, Fig. 2d). Ridge cores. This mass transport deposit indicates
The DF echofacies (Table 4, Fig. 2d) located at the the occurrence of episodic sediment failures on the

foot of the southern part of the Trevelyan Escarp- Trevelyan Escarpment slope.

ment indicates the probable presence of large

slumped layers. This is confirmed by evidence of 3.2.4. Sediment distribution on the middle and lower

sediment failures observed in the core AKSO02 fan

collected at this location (Fig. 2a). This core has The 3.5kHz echofacies distribution shows

disorganised clays (Facies 7) interbedded, in the (Fig. 2d): (a) a downslope evolution (frohB to
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[IA/1IB and then tdA) which suggests a thinning of to the levee growth. The right-hand levees are higher
the sandy layer and is linked to the trend of the supply and broader than the left-hand levees in the north
transports; and (b) a lateral evolution, perpendicular to hemisphere, this being controlled by the Coriolis
the supply trend, which is marked by a symmetrical force deflecting the turbidity currents to the right.
organisation of the echofacies with respectIB The centrifugal force associated with flow stripping
echofacies area. ThitB area, located slightly north-  processes is responsible for the preferential building
ward of the low-backscatter lobe (Fig. 2d), constitutes of sediment waves at the outer corners of bends of the
the most recent preferential sand deposit area. Thelevees (Piper and Normark, 1983). The upper-middle
low-backscatter lobe shifted to the south represents fan boundary is the result of the disappearance of the
only the latest gravity events. channel-levee systems due to the progressive

Six cores collected from this part of the fan are downpath decrease of the fine-grained fraction in
located on the low-backscatter lobe (Fig. 2). The sediment transported by the channelised flows.
cores MKS02, SKS06, SKS02 and SKSO03 have In the literature the term “lobe” is used to define
been collected on a NE-SW transect from the very different submarine fan facies on many differ-
mouth of the Whittard Channel to the distal end of ent scales (Shanmugam and Moiola, 1991). In the
this depositional lobe. These cores are composed of present study, the term “lobe” is restricted for very
sandy layers (Facies 5 and 6) interbedded in the hemi- low-relief depositional bodies located on the middle
pelagic deposits (Facies 1). It is impossible to corre- and lower fan. They lie immediately downslope of
late the different sandy layers using the existing data. main channels and have generally unleveed second-
The elongated shape of the low-backscatter lobe, andary channels on their inner part. The difficulty of
the graded nature of the sedimentary units (Facies 6) coring and the very low penetration of the 3.5 kHz
indicate that highly efficient turbidity flows have seismic waves does not make the study of such
transported coarse-grained sediments from the environment easy. The transition from a muddy
channel mouth across the lower fan. channel-levee system on the upper fan to flat-lying

The cores SKS08 and SKS09, located on a gentle sand lobes on the middle and lower fan, represents a
levee inside the lobe, display disorganised clay and facies shift related to particle sorting and segrega-
sandy clay (Facies 7, Fig. 6). From the existing data, it tion due to channel-levee overflow as shown in the
is impossible to discern if these deposits are the result Amazon Fan (Flood and Piper, 1997), Mississippi
of local sediment failures or of large-scale mass- Fan (Bouma, 1985), Navy Fan, (Piper and Normark,
transports from the upper part of the fan. 1983).

In agreement with the classification of Reading
and Richards (1994), which is based on the nature
of the available sediment (volume and grain size)
and on the nature of the supplying system, the
whole Celtic Fan system corresponds to a mature,
mud/sand-rich submarine fan. In more detail, the
comparison of the Celtic system with other fans

4. Discussion
4.1. Fan model

The sedimentary processes involved in the

construction of fan units (channels, levees and
lobes), are now largely documented in the literature
(for an overview see Stow et al., 1996). The term

and models shows a more complex organisation.
The Celtic Fan is characterised by the existence of
two sedimentary sources on the upper fan. Just

“channel” includes both the large leveed valley with before the upslope boundary of the middle fan, the
a wide cross section and steep sides and the smallertwo channels merge into one channel corresponding
commonly unleveed channels. The former are the to a single feeding “source” for the middle and
primary sediment feeder systems. Their shape is lower fan. In this way, the Celtic Fan is a multiple
controlled by erosional and transport processes. The source ramp on the upper fan and a single source
others, with low surface expression, are controlled by fan for the middle and lower fan.

transport and depositional processes. For the large On the upper fan, the Shamrock system and the
leveed channels, the overflow processes contribute Whittard system have distinct patterns. These two
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systems drain different parts of the shelf, and are the evolution of the supplies since the last glaciation
submitted to sedimentary sources that differ quantita- (Figs. 2a, 7 and 8). Three phases are depicted
tively as well as qualitatively. throughout the records. Phase 1 corresponds to the
The Whittard system has a large, persistent, end of the MIS 2 with highe6*®0 values and lower
sinuous channel-levee system. Studies of core lithol- CaCQ contents. During this phase overflow
ogy and morphology of the system show that rela- processes occur on the Whittard Ridge as shown
tively low-density turbidity currents are presumed by the presence of laminated silt and clay (Facies
for the majority of the supplies. The Whittard 3). Phase 2 corresponds to the beginning of the MIS
system seems to be more mature or to have under-1 (Bglling-Allerad, Younger Dryas and lower Holo-
gone finer grained supplies than the Shamrock cene). During this phase, overflow processes remain
system because of its greater channel length andactive on the Whittard Ridge where Facies 3 and 4
depth, its sinuous pattern and the important are deposited. The CaG@nd 60 values of the
development of its levee. Phase 2 are intermediate between Phase 1 and Phase
Unlike the Whittard system, the Shamrock system 3. This signal is due to the mixing of sediment from
has a lower relief expression. The last sandy gravity MIS 2 and MIS 1 transported by the turbidite
events seem to have partly filled the Shamrock processes. Phase 3 corresponds to the upper Holo-
Channel. This system allows the deposition of sand cene with low 8% values and high CaGO
sheets as soon as the upper fan. Part of the suppliesontents. This period is characterised by the cessa-
merges with the Whittard system just before the tion of overflow processes and the occurrence of
middle fan. hemipelagic sedimentation (Facies 1). The increase
On the middle and lower fan, individual small-sized of the CaCQ contents is related to the decrease of
lobes without important surface expression, are gener- the sedimentation rates due to the absence of turbi-
ated following periodic avulsions of middle fan chan- dite supplies on the ridge (from 85 cm/ka for the
nels. They correspond to the spreading of individual phase 2 to 5 cm/ka for the phase 3) rather than an
sheet-flows. The passage to the basin plain is progres-increase in surface biological production.
sive with the downward thinning of the turbidite Considering its geographic localisation (south of
layers. the Whittard Ridge), the MKS03 core would have
recorded both the supplies from the Whittard system
and from the Shamrock system. In the upper Holocene
(since 7000 BP) the interruption of the overflow
processes on the site of the core MKSO03 points to a
cessation of the turbidity currents or a change in their

4.2. Sedimentary processes evolution

To determine the evolution of sedimentary
supplies to the Celtic Fan, the core MKS03 (Fig.

2a) was sampled for sedimentological, palaeontolo-
gical and geochemical analyses (Fig. 8). This core is
located on the south of the Whittard Ridge down-
stream of the Whittard and Shamrock Channels
reunion. To determine the sedimentological back-
ground in the vicinity of the study area, the core
AKSO1 located on the Trevelyan Escarpment (Fig.

nature.

The short length of the cores coming from the
middle and lower fan (Fig. 7) does not allow recon-
struction of the supply history since the last glaciation.
Nevertheless, biostratigraphic investigations af@
dating indicate that the sandy layers present in the
cores from the uppermost lobe were deposited during

2a) was analysed. This core, collected very close to the MIS 1 and mainly during the upper Holocene (Fig.

the fan (12 km), is protected from sandy-silty turbi-

7). Two AMS YC dates show that the latest sandy

dite supplies and presents an undisturbed evolution events in cores SKS02 and SKS04 are very recent,

from homogenous clay (Facies 2) during the MIS2
to homogenous marly ooze (Facies 1) during the
entire MIS1 (Fig. 7).

On the Whittard Ridge the analyses of the core
MKS03 (50, *“C AMS dating, CaC@content and
forams determination) provides information about

respectively, 1878 and 1218 BP (Table 3).

The cores SKS03 and SKS02 located on the lower
fan, on the outer part of the uppermost lobe (Fig. 2 and
7), allow evaluation of the frequency of turbidite
events during the Stage 1 in the area: 0.25 events/ka
for SKS03 and 0.18 events/ka for SKS02.
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4.3. Palaeoceanographic control on the development systems on the upper fan and sand lobes on the
of the fan middle-lower fan, represents the classical downslope
facies shift in a mud rich and mud/sand rich submar-
ine fan (Piper and Normark, 1983; Bouma, 1985;
Kolla and Coumes, 1987; Normark and Damuth,
able cores allow the reconstruction of the fan history 1997). On the other hand, the sandy deposit on the
during the MIS 1 and 2 (0—24,000 BP). During this uppermost lobe, during the last 2000 BP, has to be
period, the Celtic Fan does not appear to have beenexplained because the overflow processes in the
built with a gradual and constant rate. There are channel-levee systems were inactive during the upper
distinct episodes of growth, with various sets of Holocene. Thus an important part of the supplies may
depositional processes. have bypassed the channel-levee sector to reach down-
From the MIS 2 to the upper-lower Holocene stream. The precise sources of these sands have not
boundary (7000 BP), the overbank deposits give yet been identified. However, observations on benthic
evidence of regular turbidite supplies. During this foraminifers from marly ooze clasts deposited with
period, a broad delta was developed on the shelf at the sands (Cores MKS01 and MKSO02; Fig. 7) show
the outflow of the Channel River (see Section 1.2). In the presence of shelf and slope Pleistocene species (F.
this configuration a wide spectrum of material was Jorinsen pers. com.). Gravity processes, which eroded
available to be transported to the deep sea. Thesethese marly oozes, may have been triggered on the
conditions are comparable to those of passive margin slope break or the upper slope. From the bathymetric
fans located downstream of large rivers such as the and 3.5 kHz seismic data (see Section 3.2.3), the
Amazon or the Mississippi. Shamrock Channel appears to be filled up by the
At the end of MIS 2 and during the deglaciation last turbidite events. Moreover, the low-backscatter
(12-7000 BP), turbidite supplies continue to be nature of the EM12 signal around the Shamrock
deposited. This period corresponds to the rapid degla- Channel, as for the low-backscatter lobe on the
ciation phase when meltwater discharge and subse-middle-lower fan (Fig. 2b), seems to point out a
qguent sediment load were perhaps several times Shamrock Canyon transport for a part of sand deposits

The development of the fan begins during the
Miocene (Droz et al., 1999). In this study, the avail-

higher than during the maximum lowstand when the
British Isles was partly glaciated (McCabe and Clark,
1998). This configuration is similar to that of the
Mississippi Fan just before the Younger Dryas
(Broecker et al., 1989; Fairbanks, 1989; Twichell et
al., 1991). Associated with the meltwater discharge,
the reworking of the deltaic environment deposits
induced by the sea-level rise (Belderson et al., 1986;
Lericolais, 1997), would have allowed significant
supplies to the deep sea.

Thus, the turbidite overflow deposits located on the
Whittard Ridge contain particles originating from: (1)
the north European palaeo-rivers during the MIS 2;
(2) the erosion of the Channel River Delta during the
sea-level rise; and (3) the meltwater discharges
during the European deglaciation. The upper
Holocene (0—7000 BP), marked by the end of
turbidite overflow deposits on the Whittard Ridge,
implies the disappearance of the active deltaic envir-

in the middle and lower fan. However this interpreta-
tion has to be confirmed by sampling on the bottom of
the Shamrock and Whittard Channels. At the scale of
the whole fan, these upper Holocene sands, modify
only slightly the morphology that is mostly inherited
from Pleistocene stages of high sedimentation rates.
How can we explain the occurrence of these sands?
During the Holocene, the palaeoenvironmental condi-
tions on the Celtic Shelf changed drastically (see
Section 1.2). At present, it is a high-energy platform
with a net sediment transport from the near shore to
the margin slope (Kenyon and Stride, 1970; Johnson
et al.,, 1982; Reynaud et al., 1999d). This transport
involves storm and spring tide currents, destabilisa-
tion and mass flow induced by erosion of the Celtic
Sea sand banks during paroxysmal events (storm,
earthquake, ...) or induced by regressive canyon
head erosion. This high sea-level working scenario
of the Celtic Fan seems to be comparable to what

onments on the shelf, and the setting of the present happened in the Amazon Fan during the MIS 5. As

hydrodynamic conditions.
The distribution of deposits, with channel-levee

on the Celtic Fan, the presence of sandy turbidite
layers on the Amazon Fan during the MIS 5 (Flood
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and Savoye, 1993); Zaire Fan (Droz et al., 1996);
R SHELR (SHELF s, Toyama Fan (Nakajima et al., 1998); La Jolla Fan
< g e (Piper, 1970). The Celtic Margin configuration
shows that on tide and wave-dominated shelves,
hydrodynamic conditions on the outer shelf can create
favourable conditions for modern sandy turbidite
supplies on fans.
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Posamentier et al. (1991) turbidite deposits are
Fig. 9. Timing of Celtic Fan sedimentation with respect to sea-level considered to have the highest sand-to-mud ratio
fluctuations. The Celtic Fan sedimentation showing continuous during lowstands. The depositional model of the

turbidite sedimentation during the rise of sea-level (river source)

and during the highstand of sea-level (outer shelf source). Celtic Fan shows an opposite conflguratlon with

low-density turbidity currents during lowstand and
rise of sea-level and high-density turbidity currents

and Piper, 1997) appears to be the result of outer shelfduring highstand of sea-level (Fig. 9).
sand reworking.

Pliocene—Pleistocene eustatic cycles are classically
interpreted as the major factors controlling the timing 5. Conclusions
and style of sedimentation (Damuth, 1977; Shanmu-
gam et al., 1985; Stow et al., 1985; Bouma et al., The Celtic Fan is a middle sized fan with a surface
1989; Weimer, 1990). At the lowest sea-level point, of more than 30,000 kfn The whole system is a
sediment derived from rivers and deltas are trans- mature, mud/sand rich submarine fan on a passive
ported into the deep basin via submarine canyons margin.
and deposited as channel-levee systems and distal The upper fan is characterised by the presence of
lobes. The low sea-level activity of the larger low two distinct tributary systems: (1) The Whittard
latitude passive margin fans is dominant on several system with a large, persistent, sinuous channel-
fans (e.g. Mississippi Fan (Bouma et al., 1989), levee system, which is linked to the southern end of
Amazon Fan (Flood and Piper, 1997), Indus Fan the Irish Sea system. Relatively low-density turbidity
(Kolla and Coumes, 1987)). For the majority of currents are presumed for the majority of the flows
these fans, turbidite supplies ceased during the sea-moving down the Whittard Channels from analysis of
level rise. During the highstand of sea-level, pelagic to the core lithology and the morphology of the system.
hemipelagic drape sediments tend to be deposited on(2) The Shamrock system, with a medium sized
the fan surfaces. channel-levee system, which is linked to the western

The depositional model of the Celtic Fan shows some end of English Channel system. The last sandy gravity
similarities with this general model of mud and mud/ events seem to have partly filled this system. These
sand rich systems. Nevertheless two distinct character-two tributary systems merge before the upper-middle
istics need to be noted: (1) the low sea-level supply fan limit. The upper-middle fan boundary is the result
scenario continues throughout all the rise of sea-level of the disappearance of the channel-levee systems due
and ceased only in the upper Holocene (Fig. 9). The to the downward progressive loss of the fine-grained
supplies are related to the meltwater discharge during material in the turbidity channelised flows. The
the deglaciation phase and with the reworking and middle and lower fans correspond to divergent
disappearance of the deltaic edifices; (2) the upper braided secondary channels and associate lobes.
Holocene configuration with episodic turbidite supplies Successive lobe elements, without important surface
derived from reworked shelf sands (Fig. 9). expression, are generated during periodic avulsions of

The majority of fans with turbidity current activity  middle fan channels.
during highstands of sea-level are located downstream The lithological, palaeontological, and geochem-
of narrow continental shelves and/or active margins: ical analyses on twelve cores provide the evolution
Hueneme Fan (Normark et al., 1998); Var Fan (Piper of the sedimentation since the last glaciation. The
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