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The sedimentary processes and evolution of a presumably old but still relatively recent active canyon-fed sandy turbidite system on the Norwegian
continental margin, the Andeya Canyon - Lofoten Basin Channel system, were studied using high-resolution seismic, deep-towed side-scan sonar
records and cores (gravity and vibro cores). The canyon has a length of about 40 km and represents a continental slope incision of up to 1100 m.
From the canyon mouth, a deep-sea channel up to 30 m deep and 3 km wide continues for approximately 200 km into the deepest part of the
Lofoten Basin. The most recent activity of this system was deposition of coarse-grained sediments from turbidity currents as indicated by sedi-
ment waves on the canyon floor, thin sand layers within the levees and a sandy lobe at the channel mouth. From this modern system we suggest
that there are a number of features that could be of relevance for hydrocarbon exploration of deep-water turbidite systems: a) this canyon-fed sys-
tem probably received sand from piracy of shelf sediments and/or canyon wall erosion, b) the sandy deposits are located in the deepest part of the
basin, about 200 km outside the canyon mouth, c) the sandy lobe is connected to the source area by a straight channel with poorly developed
mud-rich levees, d) the sandy deposits have a sheet-like or tabular geometry, e) post-depositional deformation of the sand could be widespread
suggesting rapid sand deposition. Thus, modern, canyon-fed sandy turbidite systems provide additional data relevant for future hydrocarbon pro-
specting in deep-water areas.
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Introduction

On the continental margin offshore Norway Lower
Tertiary sandy turbidites form oil and gas reservoirs in
both the North Sea (Enjolras et al. 1986; Dreyer et al.
2004) and the Norwegian Sea (Gjelberg et al. 2001;
Smith & Moller 2003; Moller et al. 2004). Sandy
turbidites have also been drilling targets in the Barents
Sea (Knutsen & Larsen 1996; Ryseth et al. 2003).
Experience from these and other studies have, however,
shown that the existence of stratigraphic traps, as
exemplified by sandy turbidites, may be difficult to
predict. This is probably partly because the natural
variability in continental margin turbidite systems is
greater than can be encompassed in a few simple model
types based on facies schemes or tectonic setting (e.g.
Piper & Normark 2001; Kenyon et al. 2002).

In order to address this problem additional infor-
mation on sandy turbidite systems can be obtained
from the study of modern analogues. Here we present
high-resolution seismic, side-scan and core data from a
modern turbidite system in the Lofoten Basin, Norwe-
gian Sea; the Andeya Canyon - Lofoten Basin Channel
(Fig. 1). The aim is to elucidate the morphology,
architecture and sedimentary processes of this system.

Physiography

The Lofoten Basin is situated in the north-eastern
Norwegian Sea (Fig. 1). The basin is bounded by the
western Barents Sea continental slope, the north
Norwegian continental slope, the Northern Voring
Plateau slope, the Jan Mayen Fracture Zone, and part of
the mid-oceanic spreading ridge (the Mohns Ridge).
The deepest part of the basin is located to the south and
southwest where water depth exceeds more than 3000
m. The basin asymmetry is due to the thick wedge of
prograding Late Cenozoic sediments off the western
Barents Sea (Vorren et al. 1991; Faleide et al. 1996;
Dahlgren et al. 2005).

The adjacent continental margin has a narrow shelf, a
relatively steep slope and a thin succession of Cenozoic
sediments; thus it is sediment starved in marked
contrast to the margin further south (Dahlgren et al.
2002) and north (Vorren et al. 1991). For instance,
sediment drifts inferred to consist of deep-water facies
equivalent to the Miocene — Early Pliocene Kai and Late
Pliocene — Pleistocene Naust formations offshore mid-
Norway (Laberg et al. 2005) occur as isolated patches
on the slope (Laberg et al. 2001). Also, only a very
limited amount of glacigenic sediments (the Naust
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Formation) have been deposited in this area due to the
barrier (and consequently damming effect) of the
Lofoten islands mountain chain. Ice draining from the
east was routed southwest through Vestfjorden, contin-
uing west through Treenadjupet where the ice front
reached the shelf break and large amounts of sediments
were released on to the slope (Laberg et al. 2002).

Database

High-resolution, single channel seismic data (Fig. 2)
were acquired by RV Jan Mayen of the University of
Tromse in 2002 using an airgun array of two 0,6 litre
sleeve guns. The filter setting of the Geopulse Receiver
was 100-700 Hz. The seismic records revealed a pene-
tration of up to 2 sec two-way travel time (TWT) and a
vertical resolution of up to 1-2 m. High resolution,
deep-towed side-scan sonar data (using the Russian
MAK system at 30 and 100 kHz) co-registered with sub
bottom profiles (5kHz) and the cores (gravity and
vibro cores) were acquired during Leg 1 of Training
Through Research (TTR) 13 in 2003 using the Russian
research vessel Professor Logachev.

The Andaya Canyon

Morphology and evolution

The Andeya Canyon is an approximately 40 km long
(lower termination at 15° E), straight, downslope-
oriented canyon located where the average continental
slope gradient is more than 4° (Fig. 2). On the upper
slope, the canyon is characterised by a V-shaped cross-
section, steep walls, and the width between canyon
shoulders is about 8 km (Fig. 3a). The sidewall
morphology is relatively smooth (Fig. 3a) but irregular
areas occur (see Laberg et al. 2000). The canyon is up to
1100 m deep and has an outer shelf incision of about 6
km. Such a morphology was considered by Shepard &
Dill (1966) to be typical of submarine canyons. Further
downslope the canyon has a U-shaped cross-section,
and is up to 25 km wide. The canyon floor is located
about 900 m below the shoulders (Fig. 3b). In this area
the canyon walls and floor are dominated by an
irregular relief.

From the above observations and results from modern
analogues (e.g. Shepard 1981) we suggest a combina-
tion of processes responsible for canyon formation. The
incision in the upper V-shaped, part of the canyon was
probably caused by a combination of processes inclu-
ding downslope flowing turbidity currents generated
from mass wasting in the headwall and sidewall areas,
piracy of winnowed shelf sediments, bottom currents
and/or upwelling within the canyon. The latter process
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has recently been shown to occur in this area
(Skardhamar & Svendsen 2004) but its effect on the
seabed sediments is not known.

In the lower part of the canyon, retrogressive sidewall
collapse due to sliding/slumping seems to have been
active as indicated by the wider, U-shaped cross-section
and irregular relief. Thus the Andeya Canyon may
exemplify canyon formation both by downslope
erosion from fluid flow processes and sidewall and
headwall retrogressive sliding and slumping, as
previously have been shown for low-latitude canyons
(Shepard 1981; Pratson et al. 1994; Pratson & Coakley
1996). A more detailed presentation of the canyon
morphology is given by Laberg et al. (submitted).

Deposits from turbidity currents are found as a thick
levee on the northern flank of the canyon mouth (Fig.
3¢) and flanking the Lofoten Basin Channel, although
their development is much less pronounced for the
latter area. The levee is particularly well developed on
the right side (looking downslope) of the canyon
mouth due to 1) the marked reduction in slope
gradient, and 2) the channel turns almost 90° west.
Both of these factors probably led to a decrease in flow
velocity and sediment overspill, deflected to the right
by the Coriolis force.

The fact that a channel continues from the mouth of
the canyon into the deepest part of the basin indicates
that the current velocity was still high enough for at
least some of the currents to be erosional after passing
the base of the slope. This hypothesis is also supported
by the fact that the Lofoten Basin Channel is a straight
channel which is also a characteristic of erosional flows
(Kneller 2003). No meandering has been seen (e.g.
Dowdeswell et al. 1996).

Weichselian and Holocene processes

Side-scan sonar and cores reveal details about the most
recent evolution of the canyon. Side-scan sonar data
crossing the canyon mouth at the base of the slope
display a more than 1 km wide sediment wave field,
covering about half the canyon floor (Fig. 4). The waves
are oriented transverse to flow direction, and have a
wavelength of some tens of meters. However, this may
vary both along and across the floor, as in the case with
other similar canyons, such as the Eastern Valley
sediment wave field of the Laurentian Fan (Hughes
Clarke et al. 1990). The sediment wave field is draped
by some tens of centimetres of mud.

Coring of the sediment waves was not successful.
However, information gained from comparable
settings, such as the Eastern Valley of the Laurentian
Fan (Hughes Clarke et al. 1990) as well as in canyons
offshore Corsica and Sardinia (Kenyon et al. 2002),
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Fig. I: (a) Bathymetric map showing the location of the study area (from The International Bathymetric Chart of the Arctic Ocean (Jakobsson
et al., 2000)), and (b) the location of the Andoya Canyon - Lofoten Basin Channel system and sandy lobe at the channel mouth. Location of
Figures 2 (box) 5a, 5b, 5d, 6-8 is indicated.

Headwall

Fig. 2: 3D model of the morphology of the studied part of the Andeoya Canyon as seen from NNE based on the single channel seismic data. Loca-
tion of the single channel seismic lines is indicated by the red lines. The location of Figs. 3a-c and 4 is shown. See Fig. 1b for location of the figure.
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Fig. 4: Part of side-scan profile MAKAT-85 (30 kHz) across the lowermost part of the Andeya Canyon (and corresponding sub-bottom profile) sho-
wing the sediment wave field occupying about 50 % of the canyon floor in this area. A collapsed part of the levee is also seen. See Fig. 3 for location.

suggests that sand, gravel and possibly pebbles are likely
to comprise the sediment waves (see also Wynn et al.
2002 for a further discussion). This leads us to propose
that the sediment waves in the canyon mouth area are
composed of coarse-grained sediments deposited by
turbidity currents.

Support for this interpretation is the fact that cores
recovered from levee deposits consist of sand layers
interbedded with hemipelagic and/or turbiditic mud
(Figs. 5a and b). The sand layers, inferred to be turbidites,
show that at least some of the turbidity currents
transported sand in suspension, implying that coarser
sediments were transported in the lower part of the
current (as bedload). If deposited from turbidity
current overspill, some of the coarse-grained turbidity
currents had a thickness of more than 100 m. This is
probably not extreme, as modern in situ measurements
of canyon-confined turbidity currents have shown
sediment plumes reaching 170 m above the canyon
floor (Xu et al. 2004).

In conclusion, the Andgya Canyon is probably an old
feature formed by a combination of processes. More
recent activity seems to have been by coarse-grained
turbidity currents. Present day activity in this system is
not known.

The distal channel

Turbidity currents initiated in the Andeya Canyon
moved up to 200 km through the Lofoten Basin
Channel to end up in the deepest part of the Lofoten
Basin (Fig. 1). The distal part of the channel is about 3
km wide and some tens of meters deep (Fig. 6). The
channel morphology, showing different levels of
erosion, suggests that some of the currents filled the
whole channel while others were restricted to the
central, deepest part. Transverse bedforms, inferred to
be sediment waves with a wavelength < 100 m, also
imply sediment deposition from and modification by
turbidity currents.

Levees are not well developed in this area. A short
gravity core sample from the northern channel flank
was composed of two massive, fine-grained sand layers
interbedded with bioturbated mud (Fig. 5c). This
indicates the sandy nature of the most recent currents,
which we interpret to have been at least 25 m thick in
order to spill over the channel. The mud could be the
Bouma division E and/or the background hemipelagic
sediments. Separating the two is difficult from the
present database.

Slightly further into the basin a core sample from the



272 |.S. laberg ef al. NORWEGIAN JOURNAL OF GEOLOGY

LEVEE DEPOSITS CHANNEL FLOOR DEPOSITIONAL LOBE
AT-449 1/2000 AT-441 AT-438 AT-440
D-: 0 4] 0
a) | | c) d) ; e)
204" 5§ 20 ] 201 | 20
404 § 40 — 40 % 40
] WD: 3100m
!
601 80
so4 | 80
'if 5§ S
1001 $ 100 pg—s]
1 5 WD: 2450m WD: 3205
- m
1204
il
1a04*
g -
f.} 160 e
fa] WD 3168m
1804
200"
B - Ice-rafted debris
220
B SS Bioturbation
240 Aé ] Color mottling
e Faint lamination
260
_:9 ——— Lamination
ol Sand
1 5§ Lens of sand and gravel
300+ O Clay clast
204 _|
340
|0+ _
380
400 Za
g s
420 -3 5§
440-§
P 5
460 Fig. 5: Sediment samples from levee deposits (a-c), the channel floor
] (d), and the depositional lobe (e). WD = water depth where sample was
480_‘_ obtained. For location of the cores, see Fig. 1 (a-b, d), 6 (c) and 7 (e).

WD: 2086m




NORWEGIAN JOURNAL OF GEOLOGY

channel floor displays about 75 cm of mud overlying a
57 cm thick interval of sand and gravel lenses and some
clay clasts in a muddy matrix. Below is about 20 cm of
mud (Fig. 5d). The mud-sand-gravel facies association
may represent channel floor sediments deposited from
and modified by turbidity currents. Alternatively, they
may represent debris flow deposits. The overlying
laminated intervals probably correspond to the Bouma
D division while the massive mud could be the Bouma
E division or hemipelagic sediments.

The sediments deposited at the channel
mouth

At the mouth of the Lofoten Basin Channel, Dowdes-
well et al. (1996) suggested the presence of a sandy lobe
on the basis of the backscatter signature of GLORIA
long-range side-scan sonar data. Our data confirm this
interpretation. High-resolution sub-bottom profiler
records show units of 2 to 5 m thickness that can be
followed for several tens of kilometres (Fig. 7). They are
separated by continuous to slightly discontinuous
medium to high amplitude reflections, indicating a
high acoustic contrast. Sediment waves are present at
some levels (Fig. 7).

An approximately 1 m long vibro core sample from this
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area comprised an upper unit of normal graded
medium to fine sand overlying a thin clay layer (Fig.
5e). The sand is inferred to have been deposited from a
waning turbidity current (Bouma (1962) division A),
common where periodic surge-type currents flow onto
large abyssal plains (e.g. Kneller 1995). The basal mud
could be the Bouma division E and/or the background
hemipelagic sediments. From the data at hand it is not
possible to discriminate between the two alternatives.
The sediment waves are most likely formed by turbidity
currents but from the present data base it is not known
whether they formed as giant antidunes as favoured by
Howe (1996) and Wynn et al. (2000) for deep-sea sedi-
ment wave fields in the North East Atlantic, or by other
processes (e.g. the lee-wave model of Flood 1988).

The core data indicate that the uppermost seismic unit
consists of sand, and that the strong acoustic contrast is
due to thin layers of hemipelagic and/or Bouma E clay
(less than 1m thick) separating the sand layers. The
repetition in seismic facies that we observe on the pro-
file data (Fig. 7) further suggests that the uppermost
part of the sandy lobe is composed of a series of stacked
sandy units separated by thin intervals of hemipelagic
and/or turbiditic mud.

Sediment accumulation rates could not be estimated
because only short sediment samples comprising one
event were recovered from the depositional area. Thus,
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Fig. 6: Part of side-scan profile MAKAT-80 (30 kHz) and corresponding sub-bottom profile across the distal part of the Lofoten Basin Channel.
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Fig. 7: Part of side-scan profile MAKAT-81 (100 kHz) and corresponding sub-bottom profile across the proximal part of the sandy lobe (located in
Fig. 1). Individual seismic units reach a thickness of 2 - 5 m. The side-scan data reveal a patchy signature; high backscatter patches within a low

backscatter matrix. The location of core AT-440 (Fig. 5e) is indicated.
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Fig. 8: Part of side-scan profile MAKAT-81 (100 kHz) showing details of the high backscatter patches where enclosing circular low backscatter fea-
tures are inferred to be sand volcanoes. For location, see Fig. 1.
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it is presently not known whether the Andeya Canyon -
Lofoten Basin Channel system represents a sediment-
starved system as has been suggested for the Ormen
Lange turbidite system offshore SW Norway (Smith &
Moller 2003).

100 kHz side-scan sonar records from the depositional
area show high backscatter patches within a low
backscatter matrix. Some of the patches are high
backscatter zones enclosing low backscatter circles up
to 10-15 m in diameter (Figs. 7 and 8). The origin of
these circular features is enigmatic. Our hypothesis is
that they represent sand volcanoes related to dewate-
ring following rapid deposition of the Bouma A divi-
sion sands, and collapse due to unstable grain packing.
Further studies are needed in order to verify the origin
of these features.

Relevance for hydrocarbon exploration
of turbidite systems

Although there is a large variability in continental
margin turbidite systems the large mud-rich submarine
fans have so far received most attention (e.g. Kenyon et
al. 2002). From the modern canyon-channel system pre-
sented here we suggest that there are a number of featu-
res that could be of relevance for hydrocarbon explora-
tion of deep-water turbidite systems. In particular:

1. Sediment source. This study documents the presence

of canyon-fed turbidite systems on the Norwegian
continental margin. As there is no identifiable fluvial
contribution, the sediments probably originated from
reworking of Cenozoic and possibly also Mesozoic sand
comprising the modern shelf succession (Sigmond
1992) outcropping in the canyon (Fig. 9). In addition,
sand may have originated from piracy of shelf
sediments presently transported along the shelf and
upper slope by the Norwegian current (Holtedahl &
Bjerkli 1975; Kenyon 1986) (Fig. 9). This canyon-fed
turbidite system differs from the fluvial input model
(delta front turbidites) as favoured by Gjelberg et al.
(2001) for the Ormen Lange reservoir sand. This
suggests that a range of feeder systems and associated
turbidite systems may have existed in the Cenozoic
offshore Norway.

2. Location of sand deposits. In contrast to other
previously described canyon systems in a passive
margin setting (e.g. Kenyon et al. 2002) the sandy lobe
in the Lofoten Basin is not located at the canyon mouth
at the base of the slope but c. 200 km to the southwest
in the deepest part of the basin (Fig. 9). Thus sand may
not always be located at the canyon mouth, but may be
routed further into the basin. What factors control the
location of the sandy lobe is not known in detail, but
turbidity current velocity is probably one important
factor.

3. Connection to the source area. The sandy lobe is
connected to the source area by a straight channel with
poorly developed mud-rich levees except at the canyon
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mouth where the channel makes a sharp 90° turn (see
above) (Fig. 9). Detection of this kind of low relief
channel may be difficult on conventional multichannel
seismic profiles. Thus the lack of detectable channels in
ancient systems may not preclude the presence of sandy
turbidites in the deepest part of the paleo-basin.

4. Depositional architecture. High-resolution seismic
lines running from the channel mouth into the basin
display several laterally continuous 2 - 5 m thick units
thinning (1 - 3 m) into the basin suggesting a sheet-like
or tabular geometry of the sand (Fig. 9).

5. Post-depositional sand deformation. As indicated by
the possible sand volcanoes (Fig. 9) post-depositional
deformation of the sand could be widespread sugges-
ting rapid sand deposition. Water escape structures
have also been reported from cores penetrating the
Ormen Lange reservoir sand (Smith & Moller 2003).

Conclusions

1) A canyon-fed sandy turbidite system, the Andeya
Canyon - Lofoten Basin Channel and attached sandy
lobe has been identified on the Norwegian continental
margin.

2) This presumably old system has been active relatively
recently as indicated by sediment waves on the canyon
floor, thin sand layers within the levees and a sandy
lobe composed of thin, stacked sheet sands at the
channel mouth.

3) This system offers additional evidence that a range of
processes control sand deposition in turbidite systems.
The Andgya Canyon systems main characteristics are:
1) the shelf/upper slope source area, 2) the distal basin
location of sandy deposits, 3) their connection to the
source area through a long straight channel, 4) the
lobate/sheet geometry of the sandy deposits, and 5)
post-depositional deformation of the sand.
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