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Abstract Facies associations in cores collected in the deep
part of the Gulf of Cadiz, which is under the influence of the
lower branch of the Mediterranean Outflow Water, are inves-
tigated in terms of the classical contourite model using grain-
size analyses and thin sections of indurated sediment. Cores
include both low-energy (contourite drift) and high-energy
(channel) environments. The thin sections and grain-size dis-
tributions show that clayey fine silts and sandy coarse silts are
the most common facies associations in the studied contourite
sequences, while coarse-grained, gravelly contourites are less
common. Grain-size distributions are unimodal in the fine-
grained and bi- or trimodal in the coarser-grained contourites.
This change in grain-size composition is related both to the
partial removal of the fine-grained fraction and to the replen-
ishment of the coarser-grained one. In addition, most of the
contacts between individual facies are sharp rather than tran-
sitional. This suggests that the contourite sequence is only in
part related to changes in bottom current velocity and flow
competency, but may also be related to the supply of a coarser
terrigeneous particle stock, provided by either increased ero-
sion of indurated mud along the flanks of confined contourite
channels (mud clasts), or by increased sediment supply by
rivers (quartz grains) and downslope mass transport on the
continental shelf and upper slope. The classical contourite
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facies association may therefore not be solely controlled by
current velocity, but may be the product of a variety of
depositional histories. The classical contourite depositional
sequence should therefore be interpreted with greater care
and in the light of the regional sedimentological background.
In addition, the wisdom of exclusively using mean or modal
particle size for the interpretation of depositional contourite
processes is questioned. Instead, it is proposed that the vertical
evolution of grain-size populations in the facies successions
forming contourite sequences be assessed.

Introduction

The classical contourite sequence depicting a model for
deposition from deep-marine contour currents (Hollister
1967) was originally proposed by Gonthier et al. (1984)
and Faugeres et al. (1984) using data on cores collected from
the Faro Drift in the Gulf of Cadiz off the SW Iberian
Peninsula (Figs. 1 and 2a). It was first defined for deposits
related to sediment transport and deposition by thermohaline
circulation or geostrophic currents (Stommel 1958) related to
deep-water masses of different temperatures and salinities
(Heezen et al. 1966) and known as the “conveyor belt”
(Broecker 1991). These deposits form most of the sediment
drifts. The contourite concept was extended later to deposits
reworked by other deep-sea currents including wind-driven
currents, internal tides and other loop currents related to
cyclones (see related references in Shanmugan 2012). The
model was first applied to clay- and silt-dominated (= mud-
dy) contourites (mud contents of up to 95 %) and later
extended to sandy contourite facies by Stow (1994) and used
to build a conceptual, idealized contourite sequence model
(Stow and Faugeres 2008).

The classical scheme comprises two superposed units: a
basal coarsening-up unit grading from fine homogeneous

@ Springer



358

Geo-Mar Lett (2013) 33:357-367

B~
o

CADKS24|

Guadalguivir
Channel

4

T
| Guadalquivir
- ‘Ridge |

Strait of
Gibraltar_

Cadiz Channel

Fig. 1 The study area in the Gulf of Cadiz, with an overview of
Mediterranean Outflow Water (MOW) circulation, the main morpho-
logical features (including the Guadiana and Guadalquivir rivers), and
the locations of the four cores selected for the study. The bathymetry

mud (clayey fine silt) to mottled coarser silt and finally sandy
silt/silty sand, followed by a fining-up unit showing the same
facies succession in reverse order (Fig. 2a). This is nicely
illustrated in Fig. 2b, which shows a section of a core
recovered by T. Mulder and colleagues from the Faro Drift
(Cadisar cruise 2, 2004, core CADI2KS08). In the corre-
sponding upcore grain-size distributions (Fig. 2¢), curves A
and D represent the basal/top mud facies having a typical
bimodal shape reflecting the mixing of a subordinate sandy
coarse silt and a dominant clayey fine silt population. This
bimodal distribution in the terrigeneous silt fraction was
already underlined by Robinson and McCave (1994),
McCave et al. (1995a, b), and Bianchi and McCave (2000).
Curves B and C are also bimodal but with a dominant sandy
silt/silty sand and a subordinate clayey fine-silt population.
This so-called mottled facies corresponds to a sandy mud
facies containing coarse silt lenses resulting from infilled
polychaete burrows.

Using mean grain size as indicator, the change in sediment
composition has hitherto been interpreted as being associat-
ed with a change in bottom current competency and velocity.
This idea emerged because, differently to what happens in
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(EM 300, Cadisar 1 and 2 cruises) is extracted from Mulder et al. (2003,
2006). MUW Mediterranean Upper Water, MLW Mediterranean Lower
Water, /MB Intermediate MOW Branch, PMB Principal MOW Branch,
SMB Southern MOW Branch

turbidity currents, contour currents (whatever their origin)
act as a winnowing machine generating sediment
resuspension by tractive (bed load) transport (Allen 1984)
of already deposited particles. The sorting of particles is
particularly efficient (Shanmugan 2012). Thus, winnowing
intensity and current competency can both be related to
current speed, although this concept must be applied with
care when dealing with aggregation processes affecting fine-
grained cohesive particles. This interpretation is based on the
“sortable silt” concept of McCave et al. (1995b), who con-
sidered that the non-flocculated fraction can be used as a
proxy for current velocity and that the mean (modal) grain
size can serve to reconstruct current strength and be
interpreted in terms of climate variation (McCave et al.
1995a, b; Bianchi and McCave 1999; Bianchi et al. 2001).
This model has been successfully applied to fine-grained
sequences examined by Toucanne et al. (2007) in a core
collected in the neighbourhood of the present study area, in
the low-energy Faro-Cadiz sheeted drift. It shows silt—clay
facies (most abundant), clayey silt (mottled) facies and rare
clayey sand facies. All the facies have a bimodal grain-size
distribution, and are organized into vertical coarsening- and
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Fig.2 Classical contourite sequence. a Conceptual scheme (extracted from Gonthier et al. 1984). b Core CADI2KSO08, Faro Drift (see Fig. 1 for core
location): X-ray image and indurated thin sections. ¢ Typical grain-size distributions

then fining-up sub-sequences bounded by progressive con-
tacts. They have been interpreted as classical contourites
deposited by a current with initially steadily increasing ve-
locity, followed by a decrease in velocity. During periods of
increasing current velocity, the coarser mode becomes pre-
dominant while the finer diminishes, suggesting significant
winnowing of fine particles during periods of enhanced
bottom current activity (Hernandez-Molina et al. 2003,
2006; Llave et al. 2006).

Stow and Faugeres (2008) extended the model to sandy
contourites and published a generalized composite
contourite model consisting of the superposition of a nega-
tively graded lower sub-sequence (mud + mottled silt and
mud units), a middle sandy silt unit and an upper positively
graded sub-sequence (mottled silt and mud + mud units).
They again underlined the destruction of primary sedimen-
tary structures by thorough bioturbation, and the rarity of
sand. As emphasized by Shanmugan (2012), Stow and
Faugéres (2008) also stated that this idealized conceptual
sequence is never found in totality in natural depositional
environments and that, commonly, only base- and top-cut
sequences with respectively sharper base and top contacts
are encountered, reflecting the abrupt change in current
velocity or the presence of a complex seafloor topography
which locally modifies the current speed. Upper contacts

related to current intensification are more frequent than low-
er contacts (Hollister 1967).

Although the entire sequence is fully bioturbated, the
grain-size signal has evidently been retained, suggesting that
it represents longer-term (5,000-20,000 years) fluctuations
(acceleration and deceleration) in mean current velocity
(Lovell and Stow 1981; Stow et al. 1986) in most
terrigeneous or mixed drifts. The recurrence intervals of
these oscillations might be greater (20,000—40,000 years)
in bioclastic accumulations (Stow and Faugéres 2008). Such
long-term oscillating energy conditions are one of the main
differences between contour currents and waning turbidity
currents moving downslope along continental margins
(Shanmugan 2012). In fact, Faugéres and Stow (1993), Stow
et al. (2002), and Stow and Faugeéres (2008) suggest that
most of the sandy contourites can be interpreted as bottom
current-modified turbidites. Shanmugan (2006) underlined
that the predominance of mud in the Faro Drift could be
misleading when attempting to define a generalized
contourite facies model. Other authors (e.g. Dalrymple and
Narbonne 1996) criticised the use of bioturbation as a diag-
nostic feature of contourites, although most contourites do
show intense bioturbation given the low sedimentation rate
and the loading with oxygen and nutrients by bottom cur-
rents (Chough and Hesse 1985). For example, Tucholke et al.
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(1985) prefer to relate the intensity of bioturbation to the
current intensity along the seafloor. Masson et al. (2010)
showed that the muddy sand contourite collected in the
Faroe-Shetland Channel could result from the incomplete
winnowing of underlying sand and that along slope transport
is minor. Other sedimentary sequences related to contour
currents are the gravel-lag contourites resulting from the
complete winnowing of particles ranging in size from mud
to sand by powerful bottom currents (Stow et al. 1996),
resulting in the preservation of the base-only sequence of
the generalized Stow and Faugéres (2008) model and bio-
genic contourites (Kidd and Hill 1986).

Other studies close to the Gulf of Cadiz—for example, on
the Galicia margin (e.g. Bender et al. 2012) or in the Med-
iterranean (e.g. Verdicchio and Trincardi 2008)—have pro-
vided evidence for recent (post-Last Glacial Maximum) sed-
imentation on continental slopes resulting from increased
sediment availability (including variations in detrital input,
marine productivity and sea-level stands, as well as current
velocities). Contourite deposition, however, has been more
strongly affected by climatic and sea-level changes rather
than tectonics since the Mid-Pleistocene Revolution (Llave
et al. 2011). The formation of coarse-grained contourites in
the Gulf of Cadiz over the last 50,000 years is thus
interpreted to be the result of an intensification of MOW
formation and current velocity during cold periods. Sandy-
silt contourites are related to the Younger Dryas, Heinrich
events (in particular H1 and H2) and stadial Dansgaard-
Oeschger events (Mulder et al. 2002; Hanquiez 2006; Llave
et al. 2006; Voelker et al. 2006; Toucanne et al. 2007).
Conversely, fine-grained contourites are related to warm
periods (Belling-Allerad and Dansgaard-Oeschger intersta-
dials). Such fluctuations in the MOW and other bottom
currents, and their implication for late Quaternary climate
forcing on slope sedimentation, have also been recorded in
the northernmost areas of MOW activity, i.e. along the Rock-
all Trough and Porcupine Bank, and off Ireland (@Qvrebe
et al. 2005, 2006). However, an increase in bottom current
velocity during sea-level lowstands is not a general rule, but
also depends on regional tectonic activity and the presence of
a nearby englaciated continental margin (Brackenridge et al.
2011).

The fact that the Gulf of Cadiz is located close to the
outflow of the Strait of Gibraltar (Fig. 1) makes it a prime
target for the study of contourites, i.e. sedimentary beds
deposited by bottom currents following bathymetric con-
tours. Within this context, the main aim of the present paper
is to call for caution in interpreting the classical contourite
model characterized by a coarsening- and fining-up deposi-
tional sequence solely in terms of changes in current velocity
because other factors can also explain changes in the grain-
size composition of the sediment. It is also demonstrated that
mean grain size alone is insufficient for the reconstruction of
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contourite formation mechanisms and that the temporal
(vertical) evolution of the whole grain-size distributions
yields much more information for comprehensive
interpretations.

Physical setting

The continental margin of the Gulf of Cadiz is exposed to the
action of a strong, warm (13 °C) and saline (>37 g I'")
current called the Mediterranean Outflow Water (MOW),
which forms in the Alboran Sea (western Mediterranean)
and flows into the North Atlantic Ocean (Fig. 1). In detail,
the MOW is formed by the superposition of two major flow
systems: the Mediterranean Upper Water (MUW; salinity
36.1 g I'!, temperature 11.5 °C; Ambar 1983), which forms
the uppermost core funnelled through the Alvarez Cabral
Channel, and the Mediterranean Lower Water (MLW; salin-
ity 37.4 g I'", temperature 13.6 °C; Ambar 1983), which
comprises three branches—the Intermediate Branch (IMB),
which flows between 700 and 900 m water depth, the Prin-
cipal Branch (PMB) between 900 and 1,000 m water depth,
and the Southern Branch (SMB) between 1,000 and 1,200 m
water depth. Just after the Strait of Gibraltar is passed, part of
the MOW is sharply deflected towards the Spanish and
Portuguese margins under the effect of the Coriolis force
(Madelain 1970). When flowing through the Strait of Gibral-
tar the velocity of the MOW exceeds 2 m s ' (Fig. 1).
Although the mean velocity then rapidly decreases, obstacles
can locally accelerate the current along the seabed (Garcia
et al. 2009). On average, the velocity reaches only 0.2 ms™'
off Cape St. Vincent (southwest Portugal), where the MOW
lifts off the seafloor at about 1,400 m water depth.

The bathymetric map (Fig. 1) shows that the seafloor
morphology in the eastern part of the Gulf of Cadiz is
strongly affected by the MOW. In addition, the regional
sedimentation patterns have been controlled by the MOW
since Messinian times, and the long depositional history
therefore excellently reveals the general sedimentary regime
in the Gulf of Cadiz. The resulting sedimentary system has
been called the Cadiz contourite depositional system (CDS)
by Hernandez-Molina et al. (2003, 2011). The MOW cap-
tures particles supplied by Spanish rivers and also erodes
material from the continental shelf (Grousset et al. 1988).
Seafloor morphology strongly influences the circulation pat-
tern of the MOW, as is also known from other contourite
depositional systems such as those in the Mediterranean (e.g.
Palomino et al. 2011). Close to Gibraltar, a gravel lag and
large-scale erosional structures (furrows) have been ob-
served (Kenyon and Belderson 1973). Downflow, the de-
posits become silty with sand patches and sand waves, which
is in agreement with the progressive decrease in MOW
energy (Kenyon and Belderson 1973; Méliéres 1974;
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Faugeres et al. 1985a; Nelson et al. 1993, 1999). The sedi-
mentary bodies, which occur mainly in valleys between
adjacent ridges through which the MOW is channelized,
show a progressive downflow decrease in grain size. On
the seaward side of the channels, the MOW velocity de-
creases sharply and fine particles are deposited to form thick
successive sediment accumulations, so-called contourite
drifts (Mougenot and Vanney 1982). Of these, the Faro,
Albufeira, Portimao and Lagos drifts are formed by the
MUW, whereas the Guadalquivir Drift is formed by the
MLW (Llave et al. 2007; Garcia et al. 2009). The drifts are
composed of muddy sediments and grew in size from the
Messinian to the Present after the Mediterranean—Atlantic
connection was formed (Faugéres et al. 1985b). Despite the
presence of erosional surfaces within the drift sequences
(Llave et al. 2006), deposition in the contourite drifts is
mostly continuous, thus enabling good palacoceanographic
reconstructions (e.g. Voelker et al. 2006; Toucanne et al.
2007). It is for this reason that the original contourite type
sequence was described from this region (Gonthier et al.
1984; core CADI2KSO08S, Figs. 1 and 2). In the western part
of the Gulf of Cadiz, the energy of the MOW is low and
sedimentation therefore dominated by downslope gravity
processes responsible for creating the classical seafloor mor-
phology characterized by canyons and gullies.

Another part of the MOW flows westwards and, after
spilling over a topographic high, strongly decelerates to
deposit its load in the form of extensive fields of sediment
waves in the 1,000-1,200 m depth interval (Fig. 1). This
flow may be partly channelled through large conduits such as
the Gil Eanes Channel. The deceleration after spillover re-
sults in high sedimentation rates forming the giant
contouritic levee identified by Mulder et al. (2003). These
high sedimentation rates in association with active seismicity
in the Gulf of Cadiz and neighbouring areas (Zitellini et al.
1999; Gutscher et al. 2002) have generated numerous slope
failures on the leeward side of the levee (Mulder et al. 2009).

Material and methods

This study is based on grain-size analyses and indurated thin
sections of four Kullenberg cores collected along the pathway
of the MLW during two cruises aboard the RV Suroit (see
Fig. 1 for locations): core CADI2KSO0S (cf. above, Cadisar 2
cruise, September 2004), and cores CADKS14, 18 and 24
(Cadisar 1 cruise, August 2001). Mulder et al. (2003, 2006)
have provided some preliminary information on the physical
setting characterizing these cores.

The typical contourite sequence (Fig. 2) sampled in core
CADI2KS08 (36°40.890'N, 08°06.240'W, water depth 789
m) is from the sheeted part of the Faro Drift affected by the
MLW/IMB. This sequence is dated from the Younger Dryas

(Gonthier et al. 2010). Core CADKSI14 (36°24.998'N,
07°31.044'W, water depth 738 m) is located on the Guadal-
quivir Drift close to the Guadalquivir Channel affected by the
MLW/PMB. The studied sequence in this core is dated from
Marine Isotopic Stage 3 (Gonthier et al. 2010). It should
represent classical sedimentation within a contourite drift,
similar to core CADI2KS08 from the Faro Drift. It was chosen
for this study because it is affected by the same water mass as
cores CADKS18 and CADKS24, i.e. the MLW.

Core CADKS18 (36°18.08'N, 07°24.78'W, water depth
1,001 m) is located southeast of the Guadalquivir diapiric
ridge, in a circular topographic low interpreted as a dissolu-
tion depression, and is affected by the MLW/SMB. No clear
dating could be obtained on this core because of intense
reworking. Core CADKS24 (36°04.944'N, 07°56.523'W,
water depth 1,316 m) is located in the very distal part of
the Cadiz CDS, in the south-western sector of the Cadiz
Channel, and also affected by the MLW/SMB. The thin
section has been deposited during the Last Glacial Maximum
(Gonthier et al. 2010). Core interpretation shows the super-
position of muddy contourites with silty sand intercalations.

Indurated 30-pum thin sections of soft sediment were
obtained according to the impregnation protocol described
by Zaragosi et al. (2006). Fresh core samples were
dehydrated sequentially in acetone, and hardened with an
epoxy resin. Fluorescent dye was added to the resin to enable
subsequent fluorescent light analysis by which indurated and
non-indurated parts can be distinguished. The bonded blocks
were cut to approximately 100 pwm using a precision saw and
thereafter hand polished to a thickness of 30 pm by means of
a rotating lapidary unit. Thin-section images were acquired
under a fully automated Leica DM6000 B digital microscope
at multiple magnifications.

Bulk sediment subsamples were taken for grain-size mea-
surements using a Malvern MasterSizer S (0.05 to 878.67
pm). Mud is defined as the <63 um fraction, i.e. silt and clay
(Twenhofel 1937; cf. also Flemming 2000).

Results

In the selected cores, three contourite facies are observed:
muddy contourites (Fig. 3, core CADKS24), silty contourites
(Figs. 4 and 5, cores CADKS14 and CADKS18) and gravelly
contourites (Fig. 5, core CADKS18). Muddy and silty—sandy
contourites represent the typical facies of the base/top and
middle contourite sequences respectively (cf. Fig. 2, core
CADI2KS08). Gravelly contourites represent a more unusual
facies in higher-energy environments (Stow and Fauggéres
2008). An intermediate facies composed of sand is not repre-
sented in the available data. Such a facies would represent lag
deposits in contourite channels (Hernandez-Molina et al.
2003; Hanquiez et al. 2007). Sandy contourites also form
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Fig.3 Core CADKS24, distal sector of Cadiz contourite depositional system. a Core log (c clay, s silt, fs fine sand, ms medium sand, ¢s coarse sand;
see Fig. 1 for core location). b Muddy contourite: X-ray, grain size, and indurated thin sections under natural light and fluorescence

cm-thick beds in cores recovered from essentially fine-grained
contourite drifts (Gonthier et al. 1984) and correspond to
periods of increased MOW velocity (colder climate periods)
or represent coarse-grained deposits within contourite chan-
nels mostly in the so-called ridge and channel sector of the
CDS (Hernandez-Molina et al. 2003; Hanquiez et al. 2007,
2010). These would be interpreted in a similar way as the
gravelly contourite facies illustrated in this paper.

Most of the deposits in contourite drifts are composed of
muddy sediment (Fig. 3; Gonthier et al. 1984). This is also the
most common facies found in the classical contourite sequence
(Fig. 2). The muddy contourites are composed of clay and fine
silt with subordinate contributions of coarse silt and sand.
Grain-size analyses (Fig. 3) show distributions with a high peak
located in the clay—fine silt range extending from 3 to 30 um.

The silty contourites (Fig. 4) show a vertical superposition
of clayey fine silts alternating with coarse silt—fine sand, the
former corresponding to the so-called mottled facies. Thin
sections clearly show that the transitions between the two
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facies are sharp rather than continuous (cl and c2 in Fig. 4).
Grain-size measurements along the thin sections confirm the
sharp transition between the mottled mud and the coarse silt—
fine sand facies. Below the sharp cl contact, the quartz
particles have a modal diameter of about 10 um (fine silt),
whereas above the sharp cl contact the grain-size distribu-
tion curves are bimodal with a second peak around 40 um
(medium to coarse silt), thus revealing the arrival of a coarser
quartz silt population at this study site. This change in
sediment composition corresponds to the transition from
the fine-grained mud facies to the muds containing silt lenses
within the mottled facies. The silt deposits are laminated, the
laminations being enhanced by several millimetre-long elon-
gated clasts of mollusc shells (ms in Fig. 4). Above the sharp
c2 contact, the grain-size distribution becomes trimodal,
signifying the arrival of a third particle group having modal
diameters ranging from 100 to 110 pm. This population also
consists of quartz grains and includes a few indurated sand-
sized mud clasts.
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Figure 5 shows a thin section with a similar superposition
of several alternating laminae composed of mud and very
fine sand. In these silt-dominated contourites, the grain-size
distribution is bimodal, the second particle group having a
well-defined modal diameter >110 pum (very fine—fine sand).
It is composed of quartz and a few sand-sized indurated mud
clasts.

In addition to the change in grain-size composition, the
fluorescence analysis revealed a change in the nature of the
grains below and above the sharp contacts (Figs. 3, 4 and 5).
In the muddy facies below, the dark grains in the fluores-
cence image consist entirely of quartz. In the silty facies
above, by contrast, the dark grains are formed by quartz
and sand/silt-sized indurated mud clasts, suggesting that
consolidated mud has been eroded along the path of the
MOW and subsequently redeposited in the contourites. This
is an indication that the facies change corresponds to an
increase in flow velocity/competency accompanied by a
new input of one or more grain-size populations derived
from either an autochthonous source represented by bottom
sediment erosion (indurated sand/silt-sized mud clasts) or an
allochthonous (external or remote) source supplying sand-
sized quartz particles (e.g. by slope failure and turbidite
activity, increased river discharge). For example, Rosa
et al. (2011) have shown that, during periods of sea-level
lowstands, the Guadiana River discharges its bed load di-
rectly onto the SW Iberia Shelf. During sea-level highstands,
by contrast, the bed load drops out at the river mouth,
whereas the suspended load is carried out to sea.

Figure 5 also shows a thin section with a sharp contact
between a silty contourite (coarse silt and fine sand) and a
gravelly contourite. In the very coarse part above the sharp
contact, mm-size grains float in a sandy matrix without show-
ing any preferred grain orientation. Three grain-size popula-
tions are observed. The grain-size distributions of the two
finest ones have been measured by means of a Malvemn
microgranulometer and are visible as discrete peaks on the
grain-size curves. The coarsest grain-size population is made
of aggregated and slightly lithified (darker on the fluorescence
image) mud clasts which are visible only in the thin section.
This population is still associated with fine grains but in much
lower concentrations compared to the mud facies.

Discussion

Thin section analysis shows that most of the contacts between
the classical contourite facies (mottled, fine sand, coarse sand)
are sharp. This suggests that the facies transitions do not
reflect a steady increase in current competency but rather the
response to sudden events, consistent with suggestions by
Stow and Faugeres (2008). The contacts may indicate periods
of sediment bypassing with eventual erosion of the bed itself.
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In most cases the clayey fine silt population (5-8 pm)
remains present in all the facies (Fig. 3). Consequently, the
increase of the mean grain size in contourite facies is not
necessarily the result of winnowing of the finest fraction but
possibly a consequence of the supply of additional coarser silt
particles which change the proportional composition in favour
of the coarser fraction. The presence of laminations enhanced
by shell fragments and the concentration of quartz grains
suggest a discrete grain (sortable silt) input as bed load at the
base of the contour current (cf. McCave 2008; Masson et al.
2010). This confirms that bed load transport is a major char-
acteristic of contour current deposition (Shanmugan 2012).

In other cases (Fig. 4b), the grain-size evolution in the
superposed facies forming the contourite sequence suggests
either a progressive removal of the clayey fine silt popula-
tion, and a corresponding proportional enhancement of the
coarser silt population without the input of new material, or
simply a replenishment of the coarser silt population with
additional material resulting in its proportional growth rela-
tive to the finer population. But once again, the sharp tran-
sition between facies suggests that this replacement is not a
continuous process.

This interpretation—mud and sand are both transported
and deposited by contour currents during periods of in-
creased current velocity combined with increased sand par-
ticle supply—is consistent with the hypothesis of Masson
et al. (2010). This is also consistent with the clean sand
concentrations observed in all channels of the Gulf of Cadiz
(Hanquiez et al. 2007), and explains the better sorting of
sandy contourites when compared to sandy turbidites as
suggested by Shanmugan (2012).

Classical interpretations using Huljstrom- or Shields-type
diagrams suggest that a progressive increase in flow velocity
is necessary to erode and transport particles corresponding to
non-cohesive clay and fine silt, coarse silt, fine sand, cohesive
mud and coarse sand, in that order. This is consistent with the
classical interpretation of the increase in the mean grain size in
contourite sequences. However, the fact that the increase in
mean grain size can result from both the removal of the finer
fraction and/or a new supply of coarser grains suggests that
contourite sequences cannot only be interpreted as simply
reflecting an increase in flow competency. A slight increase
in flow velocity can certainly be responsible for the progres-
sive removal of the finest grains if these are non-cohesive. In
addition, a more substantial increase in current velocity may
involve the mobilisation and downstream transport of “new”
particles which may consist (1) of autochthonous indurated
mud clasts eroded from upstream contourite channel flanks,
and/or (2) of allochthonous sand- and silt-sized quartz grains
derived from more remote (external) sources.

In areas where the current velocity is low, eroded mud
clasts would be mixed with the pre-existing particles. The
laminated facies (If in Fig. 5, core CADKS18) suggests that
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the coarse particle stock is mobilized or supplied rhythmi-
cally within the period of contourite deposition. This rhythm
is probably masked by the bioturbation in most of the
contourite sequences, as represented in particular by the
mottled facies where primary structures are rarely preserved.
In the case of core CADKS18, however, primary sedimen-
tary structures are preserved because of a lack of bioturbation
and erosion, consistent with the core being located in a
topographic depression. Although this situation is quite rare,
it nevertheless contributes towards a better understanding of
how contourite sequences can be generated.

Conclusions

The classical model of a contourite sequence described from
the deeper parts of the Gulf of Cadiz, and which has been
interpreted as the response to a successive increase and
decrease in contour current velocity and competency, is here
shown to be potentially more complex than that. This paper
also shows that the vertical grain-size evolution and the
intensity of bioturbation are good diagnostic criteria for the
recognition of contourites. Detailed analyses of grain-size
distributions and the identification of grain-size populations
have thus revealed a number of additional potential sedimen-
tary processes involved in contourite deposition.

1. Anincrease in flow velocity can result in the progressive
removal of the finest particles, while rthythmic velocity
pulses produce alternations of silt- and clay-dominated
mud laminae.

2. Rare preserved laminae confirm the importance of bed
load transport in contourite deposition.

3. The finer/coarser grain alternations and all primary sed-
imentary structures can be destroyed by bioturbation,
making process—response interpretations difficult but
indicate that the deposition of the whole sequence has
taken a considerable length of time.

4. Increases in current velocity result in periods of sediment
bypassing which are recorded by sharp contacts at the
top of the underlying mud facies; these sharp contacts
are enhanced by a new supply of coarse particles which
are derived either from the erosion of local upstream
deposits or from an input of sediment from external
sources (e.g. downslope processes).

5. With increasing MOW velocity and, hence, competency,
the same facies succession can be derived by either the
selective removal of the finer fraction or a supply of new
sediment which may be eroded from an upstream au-
tochthonous source—e.g. the side walls of contourite
channels (indurated muddy clasts)—and/or an external
allochthonous source supplying a new stock of coarser-
grained quartz derived from remote sources such as high

river loads during cold periods. Either process enhances
the proportional contribution of one population relative
to the other.

6. The concept of sortable silt can be used in interpreting
grain-size distributions in contourites but should be as-
sociated with a determination of the nature of the grains
and/or clasts constituting the deposits.

Acknowledgements We thank the crew of the RV Le Suroit for
technical assistance during the Cadisar 1 and 2 cruises, and F.J.
Hernandez-Molina and R.G. Lucchi for reviews of the manuscript.
We are grateful to B. Martin for the realisation of thin sections on
indurated sediments. We thank the editors of Geo-Marine Letters for
editorial and language correction on the manuscript.

References

Allen JRL (1984) Sedimentary structures: their character and physical
basis, vol 1. Elsevier, Amsterdam

Ambar I (1983) A shallow core of Mediterranean water off western
Portugal. Deep Sea Res A 30(6):677-680

Bender VB, Hanebuth TJJ, Mena A, Baumann K-H, Francés G, von
Dobeneck T (2012) Control of sediment supply,
palaeoceanography and morphology on late Quaternary sediment
dynamics at the Galician continental slope. Geo-Mar Lett 32:313—
335

Bianchi GG, McCave IN (1999) Holocene periodicity in North Atlantic
climate and deep-ocean flow south of Iceland. Nature 397:515—
517

Bianchi GG, McCave IN (2000) Hydrography and sedimentation under
the deep western boundary current on Bjorn and Gardar Drifts,
Iceland Basin. Mar Geol 165:137-169

Bianchi GG, Vautravers M, Shackleton NJ (2001) Deep flow variability
under apparently stable North Atlantic Deep Water production
during the last interglacial of the subtropical NW Atlantic.
Paleoceanography 16:306-316

Brackenridge R, Stow DAV, Hernandez-Molina FJ (2011) Contourites
within a deep-water sequence stratigraphic framework. Geo-Mar
Lett 31:343-360

Broecker WS (1991) The great ocean conveyor. Oceanography 4:79—89

Chough SK, Hesse R (1985) Contourites from the Eirik Ridge, South of
Greenland. Sediment Geol 41:185-199

Dalrymple RW, Narbonne GM (1996) Continental slope sedimentation
in the Sheepbed Formation (Neoproterozoic, Windermere Super-
group), Mackenzie Mountains, N.-W.T. Can J Earth Sci 33:848—
862

Faugeres J-C, Mulder T (2011) Contour currents and contourite drifts.
In: Hiineke H, Mulder T (eds) Deep-sea sediments, vol 63, De-
velopments in Sedimentology. Elsevier, Amsterdam, pp 149-214

Faugeres J-C, Stow DAV (1993) Bottom-current-controlled sedimenta-
tion: a synthesis of the contourite problem. Sediment Geol
82:287-297

Faugeéres J-C, Gonthier E, Stow DAV (1984) Contourite drift molded by
deep Mediterranean outflow. Geology 12:296-300

Faugeéres J-C, Frappa M, Gonthier E, Grousset FE (1985a) Impact de la
veine d’eau méditerranéenne sur la sédimentation de la marge sud
et ouest ibérique au Quaternaire récent. Bull Inst Géol Bassin
Aquitaine 37:259-287

Faugéres J-C, Cremer M, Monteiro H, Gaspar L (1985b) Essai de
reconstitution des processus d’édification de la ride sédimentaire

@ Springer



366

Geo-Mar Lett (2013) 33:357-367

du Faro (marge sud-portugaise). Bull Inst Géol Bassin Aquitaine
37:229-258

Flemming BW (2000) A revised textural classification of gravel-free
muddy sediment on the basis of ternary diagrams. Cont Shelf Res
20(10):1125-1137

Garcia M, Hernandez-Molina FJ, Llave E, Stow DAV, Leon R,
Fernandez-Puga MC, Diaz del Rio V, Somoza L (2009) Contourite
erosive features caused by the Mediterranean Outflow Water in the
Gulf of Cadiz: Quaternary tectonic and oceanographic implica-
tions. Mar Geol 257:24-40

Gonthier E, Faugeres J-C, Stow DAV (1984) Contourite facies of the
Faro Drift, Gulf of Cadiz. In: Stow DAV, Piper DJW (eds) Fine-
grained sediments: deep-water processes and facies. Geological
Society by Blackwell Scientific Publications Oxford London Ed-
inburg Boston Palo Alto Melbourne Spec Publ 15:275-292

Gonthier E, Marches E, Hanquiez V, Hassan R, Ducassou E, Mulder T,
Zaragosi S (2010) Influence of sea-level and climate on the
contourites deposits in the Gulf of Cadiz. In: Proc Congr Deep-
water Circulation: Processes & Products, vol 7. Geo-Temas,
Baiona, pp 53-54

Grousset FE, Joron JL, Biscaye PE, Latouche C, Treuil M, Maillet N,
Faugeres JC, Gonthier E (1988) Mediterranean outflow through
the Strait of Gibraltar since 18,000 years B.P.: mineralogical and
geochemical arguments. Geo-Mar Lett 8:25-34

Gutscher M-A, Malod J, Rehault J-P, Contrucci I, Klingelhoefer F,
Mendes-Victor L, Spakman W (2002) Evidence for active subduc-
tion beneath Gibraltar. Geology 30(12):1071-1074

Hanquiez V (2006) Processus sédimentaires et activité de la Veine
d’Eau Méditerranéenne au cours du Quaternaire terminal dans le
Golfe de Cadix. PhD Thesis, N° 3333, Université Bordeaux, p 352

Hanquiez V, Mulder T, Lecroart P, Gonthier E, Marches E, Voisset M
(2007) High resolution seafloor images in the Gulf of Cadiz,
Iberian margin. Mar Geol 246:42-59

Hanquiez V, Mulder T, Toucanne S, Lecroart P, Bonnel C, Marches E,
Gonthier E (2010) The sandy channel-lobe depositional systems in
the Gulf of Cadiz: gravity processes forced by contour current
processes. Sediment Geol 229:110-123

Heezen BC, Hollister CD, Ruddiman WF (1966) Shaping of the con-
tinental rise by deep geostrophic contour currents. Science
152:502-508

Hernandez-Molina FJ, Llave E, Somoza L, Fernandez-Puga MC, Maestro
A, Leén R, Bamnolas A, Medialdea T, Garcia M, Vazquez JT, Diaz del
Rio V, Fernandez-Salas LM, Lobo F, Alveirinho Dias JM, Rodero JY,
Gardner J (2003) Looking for clues to paleoceanographic imprints: a
diagnosis of the Gulf of Cadiz contourite depositional systems. Geol-
ogy 31(1):19-22

Hernandez-Molina FJ, Llave E, Stow DAV, Garcia M, Somoza L,
Vazquez JT, Lobo FJ, Maestro A, Diaz del Rio V, Leon R (2006)
The contourite depositional system of the Gulf of Cadiz: a sedimen-
tary model related to the bottom current activity of the Mediterra-
nean outflow water and its interaction with the continental margin.
Deep-Sea Res II Top Stud Oceanogr 53(11/13):1420-1463

Hernandez-Molina FJ, Serra N, Stow DAYV, Llave E, Ercilla G, Van
Rooij D (2011) Along-slope oceanographic processes and sedi-
mentary products around the Iberian margin. Geo-Mar Lett
31:315-341

Hollister CD (1967) Sediment distribution and deep circulation in the
western North Atlantic. PhD dissertation, Columbia University,
New York

Kenyon NH, Belderson RH (1973) Bed-forms of the Mediterranean
undercurrent observed with side-scan sonar. Sediment Geol 9:77-99

Kidd RB, Hill P (1986) Sedimentation on mid-ocean sediment
drifts. In: Summerhayes CP, Shackleton NJ (eds) North Atlantic
Paleoceanography. Geol Soc London Spec Publ., pp 87-102

Llave E, Schonfeld J, Hernandez-Molina FJ, Mulder T, Somoza L, Diaz
del Rio V, Sanchez-Almazo I (2006) High-resolution stratigraphy

@ Springer

of the Mediterranean outflow contourite system in the Gulf of
Cadiz during the late Pleistocene: the impact of Heinrich events.
Mar Geol 227(3/4):241-262

Llave E, Hernandez-Molina FJ, Somoza L, Stow DAV, Diaz Del Rio V
(2007) Quaternary evolution of the contourite depositional system
in the Gulf of Cédiz. Geol Soc Lond Spec Publ 276:49-79

Llave E, Matias H, Hernandez-Molina FJ, Ercilla G, Stow DAV,
Medialdea T (2011) Pliocene—Quaternary contourites along the
northern Gulf of Cadiz margin: sedimentary stacking pattern and
regional distribution. Geo-Mar Lett 31:377-390

Lovell JPB, Stow DAV (1981) Identification of ancient sandy
contourites. Geology 9:347-349

Madelain F (1970) Influence de la topographie du fond sur
I’écoulement méditerranéen entre le détroit de Gibraltar et le Cap
Saint Vincent. Cah Oceanogr 22:43—61

Masson DG, Plets RMK, Huvenne VAI, Wynn RB, Bett BJ (2010)
Sedimentology and depositional history of Holocene sandy
contourites on the lower slope of the Faroe-Shetland Channel,
northwest of the UK. Mar Geol 268:85-96

McCave IN (2008) Size sorting during transport and deposition of fine
sediments: sortable silt and flow speed. In: Rebesco M,
Camerlenghi A (eds) Contourites, vol 60, Developments in Sedi-
mentology. Elsevier, Amsterdam, pp 121-142

McCave IN, Manighetti B, Beveridge NAS (1995a) Circulation in the
glacial North Atlantic inferred from grain-size measurements.
Nature 374:149-152

McCave IN, Manighetti B, Robinson SG (1995b) Sortable silt and fine
sediment size/composition slicing: parameters for palaeocurrent
speed and palaeoceanography. Paleoceanography 10:593—610

Meéliéres F (1974) Recherches sur la dynamique sédimentaire du Golfe
de Cadix (Espagne). These Sci. Nat., Paris VI, p 1-235

Mougenot D, Vanney JR (1982) Les rides de contourites plio-
quaternaires de la pente continentale sud-portugaise. Bull Inst
Géol Bassin Aquitaine 3:131-139

Mulder T, Lecroart P, Voisset M, Schonfeld J, Le Drezen E, Gonthier E,
Hanquiez V, Zahn R, Faugeres J-C, Hernandez-Molina FJ, Cadisar
scientific party (2002) Past deep-ocean circulation and the
paleoclimate record - Gulf of Cadiz. EOS Am Geophys Union
Trans 83(43):481-488

Mulder T, Voisset M, Lecroart P, Le Drezen E, Gonthier E, Hanquiez V,
Faugeres J-C, Habgood E, Hernandez-Molina FJ, Estrada F,
Llave-Barranco E, Poirier D, Gorini C, Fuchey Y, Voelker A,
Freitas P, Lobo Sanchez F, Fernandez LM, Kenyon NH, Morel J
(2003) The Gulf of Cadiz: an unstable giant contouritic levee.
Geo-Mar Lett 23:7-18

Mulder T, Lecroart P, Hanquiez V, Marches E, Gonthier E, Guedes J-C,
Thiébot E, Jaaidi B, Kenyon N, Voisset M, Perez C, Sayago M,
Fuchey Y, Bujan S (2006) The western part of the Gulf of Cadiz:
contour currents and turbidity currents interactions. Geo-Mar Lett
26:31-41

Mulder T, Gonthier E, Lecroart P, Hanquiez V, Marchés E, Voisset M
(2009) Sediment failures and flows in the Gulf of Cadiz (eastern
Atlantic). Mar Petrol Geol 26:660-672

Nelson CH, Baraza J, Maldonado A (1993) Mediterranean undercurrent
sandy contourites, Gulf of Cadiz, Spain. In: Stow DAV, Faugeéres
J-C (eds) Contourites and bottom currents. Contourites and
Hemipelagites in the Deep-Sea. Sed Geol 82:103-131

Nelson CH, Baraza J, Maldonado A, Rodero J, Escutia C, Barber JH Jr
(1999) Influence of the Atlantic inflow and Mediterranean outflow
currents on Quaternary sedimentary facies of the Gulf of Cadiz
continental margin. In: Maldonado A, Nelson CH (eds) Evolution
of the Iberian Margin and the Gulf of Cadiz. Mar Geol 155:99-129

Ovrebe LK, Haughton PDW, Shannon PM (2005) Temporal and spatial
variations in Late Quaternary slope sedimentation along the
undersupplied margins of the Rockall Trough, offshore west Ire-
land. Nor J Geol 85:279-294



Geo-Mar Lett (2013) 33:357-367

367

Ovrebe LK, Haughton PDW, Shannon PM (2006) A record of fluctu-
ating bottom currents on the slopes west of the Porcupine Bank,
offshore Ireland — implications for late Quaternary climate forcing.
Mar Geol 255:279-309

Palomino D, Vazquez J-T, Ercilla G, Alonso B, Lopez-Gonzalez N,
Diaz-del-Rio V (2011) Interaction between seabed morphology
and water masses around the seamounts on the Motril Marginal
Plateau (Alboran Sea, Western Mediterranean). Geo-Mar Lett
31:465-479

Robinson SG, McCave IN (1994) Orbital forcing of bottom-current
enhanced sedimentation on Feni Drift, NE Atlantic, during the
mid-Pleistocene. Paleoceanography 9:943-972

Rosa F, Dias JA, Mendes I, Ferreira O (2011) Mid to late Holocene
constraints for continental shelf mud deposition in association with
river input: the Guadiana Mud Patch (SW Iberia). Geo-Mar Lett
31:109-121

Shanmugan G (2006) Deep-water processes and facies models: impli-
cations for sandstone petroleum reservoirs, vol 5, Handbook of
Petroleum Exploration and Production. Elsevier, Amsterdam

Shanmugan G (2012) New perspectives on deep-water sandstones:
origin, recognition, initiation and reservoir quality, vol 9, Hand-
book of Petroleum Exploration and Production. Elsevier,
Amsterdam

Stommel H (1958) The abyssal circulation. Deep-Sea Res 5:80-82

Stow DAV (1994) Deep-sea processes of sediment transport and depo-
sition. In: Pye K (ed) Sediment transport and depositional process-
es. Blackwell, Oxford, pp 257-291

Stow DAV, Faugeres J-C (2008) Contourite facies and the facies model.
In: Rebesco M, Camerlenghi A (eds) Contourites, vol 60, De-
velopments in Sedimentology. Elsevier, Amsterdam, pp 223-256

Stow DAYV, Faugeres J-C, Gonthier E (1986) Facies distribution and
drift growth during the late Quaternary (Gulf of Cadiz). Mar Geol
72:71-100

Stow DAYV, Reading HG, Collinson J (1996) Deep seas. In: Reading HG
(ed) Sedimentary environments, 3rd edn. Blackwell, Oxford, pp
395453

Stow DAV, Faugéres J-C, Howe JA, Pudsey CJ, Viana AR (2002) Bottom
currents, contourites and deep-sea sediment drifts: current state-of-
the-art. In: Stow DAYV, Pudsey CJ, Howe JA, Faugéres J-C, Viana
AR (eds) Deep-water contourite systems: modern drifts and ancient
series, seismic and sedimentary characteristics. Geol Soc London
Spec Publ 22:7-20

Toucanne S, Mulder T, Schonfeld J, Hanquiez V, Gonthier E, Duprat J,
Cremer M, Zaragosi S (2007) Contourites of the Gulf of Cadiz: a
high-resolution record of the paleocirculation of the Mediterranean
outflow water during the last 50,000 years. Palacogeogr
Palaeoclimatol Palacoecol 246:354-366

Tucholke BE, Hollister CD, Biscaye PE, Gardner WD (1985) Abyssal
current character determined from sediment bedforms on Nova
Scotian continental rise. Mar Geol 66:43-57

Twenhofel WH (1937) Terminology of the fine-grained mechanical
sediments. National Research Council, Report of the Commission
on Sedimentation for 1936-1937, pp 81-104

Verdicchio G, Trincardi F (2008) Mediterranean shelf-edge muddy
contourites: examples from the Gela and South Adriatic basins.
Geo-Mar Lett 28:137-151

Voelker AHL, Lebreiro SM, Schonfeld J, Cacho I, Erlenkeuser H,
Abrantes F (2006) Mediterranean outflow strengthening during
northern hemisphere coolings: a salt source for the glacial Atlan-
tic? Earth Planet Sci Lett 245:39-55

Zaragosi S, Bourillet J-F, Eynaud F, Toucanne S, Denhard B, Van Toer
A, Lanfumey V (2006) The impact of the last European deglaci-
ation on the deep-sea turbidite systems of the Celtic-Armorican
margin (Bay of Biscay). Geo-Mar Lett 26(6):317-329

Zitellini N, Chierici F, Sartori R, Torelli L (1999) The tectonic source of
the 1755 Lisbon earthquake and tsunami. Ann Geofis 42:49-55

@ Springer



	Contourites in the Gulf of Cadiz: a cautionary note on potentially ambiguous indicators of bottom current velocity
	Abstract
	Introduction
	Physical setting
	Material and methods
	Results
	Discussion
	Conclusions
	References


