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Abstract This paper presents evidence for the presence of
shallow-water contourite drifts on the south-western shelf
and shelf edge off Mallorca in water depths between 150
and 275 m. These are called the Mallorca contourite
depositional system (CDS). The elongate-mounded
shallow-water CDS in this area is ascribed to an offshoot
of the Balearic Current, which flows north to south through
the Mallorca Channel as part of the overall thermohaline
circulation in the Mediterranean Sea. Drift geometry
suggests that the north—south current is deflected into an
east-west flow pattern by interaction with a marked
seafloor bathymetry, associated with major fault displace-
ment. Four seismic units separated by three prominent
discontinuities can be identified. The three internal dis-
continuities are correlated to large-scale basin-wide events:
the lower Pliocene revolution (4.2 Ma), the upper Pliocene
revolution (2.4 Ma) and the mid-Pleistocene revolution
(0.9 Ma). The Plio-Quaternary succession has been depos-
ited on top of a Miocene reef, which serves as an acoustic
basement and is affected by a large fault, offsetting the
basement on average by 150 m. Marked erosional features
throughout and further incision of the Sant Jordi Channel
along the basement fault in the Pleistocene deposits indicate
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stronger currents in this period. The Pleistocene deposits
also show a pronounced cyclicity, which is tentatively
ascribed to climatic variations and the effects of eustatic
sea-level fluctuation over the south-western Mallorca shelf
at that time.

Introduction

The term contourites originally referred to deep-sea
deposits under the influence of thermohaline circulation
(Heezen et al. 1966) but, as ever more contourite systems
were discovered in progressively shallower water settings,
its definition has been adapted. Faugeres and Stow (1993)
broadened the definition to include deposits in water depths
below 500 m formed by a deep and steady geostrophic
current. Later, Viana et al. (1998) subdivided contourites
into three categories, based on their morphological setting
and water depth: deep-water (>2,000 m), mid-water
(2,000-300 m) and shallow-water (200—-50 m) contourites.
Stow et al. (2002) proposed using “shallow-water contour-
ites” for those systems above 300 m water depth and Viana
et al. (2007) applied this term to deposits in shallow-water
settings where the influence of geostrophic currents out-
weighs that of storm- and wind-induced currents.
Examples of shallow-water contourites are still rather
scarce, especially compared to mid- and deep-water
systems. They result from the action of relatively intense
bottom-hugging currents and may be aided in their
formation by storm-induced currents (Viana et al. 1998).
In the Mediterranean, shallow-water contourites are known
from (amongst others) the southern Adriatic Sea and Gela
Basin, Sicily Strait (Verdicchio and Trincardi 2008a) and
from the Moroccan margin (Ercilla et al. 2002). In the
present study, a newly discovered shallow-water contourite
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depositional system is reported from the south-western
Mallorca shelf (Fig. 1).

Little is known about the sedimentological and oceano-
graphic evolution of the south-western Mallorca shelf (see
Just et al. 2011 for recent overview). Interpretation of a
sparker seismic profile located close to the shelf edge in this
area indicates the presence of a Miocene reef overlain by
Plio-Quaternary sedimentary deposits and a steep fault,
offsetting the reef by about 175 m (Stanley et al. 1976). The
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Fig. 1 a Locations of the Balearic Promontory, bounded by the
Valencia Trough in the north and the Algerian Basin in the south, and
of the study area on the south-western shelf and shelf edge southwest
of Mallorca. b Multibeam bathymetric map of the study area
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sedimentary succession on top of the reef consists of
biogenic sands and gravels (carbonate content of 77-84%;
Acosta et al. 2002; Betzler et al. 2011).

In 2003, the Vrije Universiteit Amsterdam and the
Renard Centre of Marine Geology (Ghent University)
conducted a joint survey on the south-western Mallorca
shelf and shelf edge. The resulting grid of high-resolution
seismic profiles, covering an area of about 250 km®
(Fig. 1), has been used here to (1) derive a local
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38°30'N

Cabreta

(extracted from Acosta et al. 2004), showing the seismic grid. The
two terraces (7) along the shelf edge to the south disappear upon
reaching the mouth of the Sant Jordi Channel (yellow line)
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stratigraphic framework, (2) determine the influence of the
local oceanographic setting on sedimentation and (3) infer
the evolution of the contouritic processes in tentative
correlation with local oceanographic processes.

Physical setting
Geological setting

The study area is a part of the Balearic Promontory,
which is a structural elevation consisting of the three
main Balearic islands (from west to east): Ibiza,
Mallorca and Menorca (Fig. 1). Mallorca is the biggest
island and has the most extensive shelf, connected to the
Menorca shelf and with water depths ranging from
150 ms TWT (two-way travel time) in the northeast to
275 ms in the southwest. The shelf southwest of Mallorca
can be subdivided into two main regions. The northern
region (about 20 km wide) has a less pronounced shelf
break and a gentle slope (about 0.5°) towards a central
depression, whereas the southern region (25 km wide)
displays a more pronounced shelf edge and a steeper
slope with at least two terraces (Fig. 1). At the
intersection of the two regions there is a prominent
channel (some 5 km long) which has a straight southern
and a curved northern margin (Fig. 1). This channel is
here named the Sant Jordi Channel, after the nearby town
of Colonia Sant Jordi on Mallorca.

The present-day physiography of the south-western
Mallorca shelf is the result of structural displacements
from the Late Miocene to recent times, along two main
structural directions: NE-SW and NW-SE (Stanley et al.
1976). In general, the region underwent relatively rapid
subsidence during the Pliocene and more gentle subsi-
dence during the Pleistocene (Stanley et al. 1976). The
Mallorca Channel, with a maximum depth exceeding
1,000 m and a thick fill of Pliocene to Recent sediments,
is considered to have resulted from this continued
subsidence. During the Messinian, the Mallorca shelf
was wholly exposed and subject to subaerial (fluvial)
erosion (e.g. Just et al. 2011), while during the Pleistocene
eustatic sea-level oscillations there was an alternation
between subaerial/submarine exposure and marine trans-
gression (Acosta et al. 2001).

Oceanographic setting

Over the Balearic Promontory, there is an exchange
between two different water masses (Fig. 2): cooler and
more saline waters from the north (Winter Intermediate
Water), which originate in the Gulf of Lyons, and warmer
waters from the south originating from modified Atlantic

waters (Pinot et al. 2002). The Mallorca Channel presently
has two currents passing through it (Fig. 2): a north—
south-oriented offshoot of the Balearic Current (cooler and
more saline waters) at the bottom and a south-north-
oriented offshoot of an anticylonic gyre of inflowing
Atlantic water on the top (Pinot et al. 2002; Monserrat et
al. 2008; Bardaji et al. 2009). The strength of the Balearic
Current offshoot is determined by that of eddies (consist-
ing of Winter Intermediate Water) prevailing in the Gulf of
Valencia, in turn controlled by the severity of the
preceding winter (Pinot et al. 2002; Monserrat et al.
2008). A study carried out by Werner et al. (1993)
indicates that storm-induced currents in the area can reach
speeds in the order of 50 cm/s and flow from northwest to
southeast. As the effect of wind stress can extend up to a
few hundred of meters through the water column via
friction of different water layers (Pickard and Emery
1990), these storms may have a direct effect on seafloor
deposition in the study area.

Materials and methods

During the high-resolution seismic survey carried out in
the south-western part of the Mallorca shelf and shelf
edge in 2003 (Fig. 1), 46 lines were acquired using a SIG
sparker (0.3-0.5 kJ energy pulses with an average
frequency of 700 Hz) and a single-channel streamer. Most
of the lines are approx. 15 km long and have either a NW—
SE or NE-SW orientation. The penetration of the profiles
is about 700 ms TWT. The seismic data were processed
applying swell and multiple removal, a bandpass filter (0—
1,350 Hz), and migration at a constant velocity of
1,500 m/s.

The multibeam bathymetric data, initially described and
reported by Acosta et al. (2004), were obtained using
Simrad EM-12S and EM-1000 systems during several
cruises conducted from 1974 to 1998 as part of the Spanish
Exclusive Economic Zone Program. They cover the entire
Balearic region (Fig. 1)—about 60,000 km*—and have an
accuracy of approx. 10 m.

Results
Acoustic basement

An acoustic basement can be observed in all the seismic
profiles examined, at about 20 to 250 ms TWT below
seafloor (Fig. 3). This basement is characterized by high
acoustic reflectivity with only a few short and discontinu-
ous reflectors below (Figs. 4, 5 and 6). Broadly, there are
two distinct subdivisions of the study area: a south-eastern
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Fig. 2 Oceanographic setting of the Balearic Promontory (adapted
from Frigola et al. 2008). The so-called northern current originates in
the Gulf of Lyons and either flows through the Ibiza Channel or gets
diverted into the Balearic Current. An offshoot of the Balearic Current
flows through the Mallorca Channel (black arrow in green-shaded
channel), consisting of Winter Intermediate Water and surface waters.

sector, with a relatively shallow depth to the basement (on
average 150 ms below sea surface) and a sedimentary cover
of about 25 ms TWT, and a north-western sector where the
basement is situated about 450 ms below the sea surface
covered by up to 250 ms of sediments (Fig. 3). The
boundary between these two sectors is defined by a steep
and prominent fault, which offsets the basement by 200—
250 ms TWT.

@_ Springer
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Western Mediterranean Deep Water (WMDW) originates (partly) in the
Gulf of Lyons, and flows east and south of the promontory towards the
Strait of Gibraltar (grey arrows). Modified Atlantic waters (MAW)
originate from Atlantic waters inflowing through the Strait of
Gibraltar, and continuing through the Ibiza and Mallorca channels
(blue arrows). AC Anticyclonic gyre

Sedimentary units

Four seismic units were recognized based on the presence
of discontinuities and seismic facies variability. Unit 1 lies
directly on top of the basement, R, while its upper
boundary is formed by discontinuity D1 (Figs. 5 and 6).
Unit 2 lies on top of D1 in the west and directly on top of
the basement, R, in the east (Fig. 5). This unit is capped by
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Fig. 3 a Isopachyte map showing the depth (in ms TWT) to the
acoustic basement, with evidence of a large fault (F, dashed line)
demarcating the boundary between a northern and southern sector. b

an erosional discontinuity, D2. Unit 3 overlies D2 and is
capped by discontinuity D3. The uppermost unit is
deposited on top of D3 and has the seafloor as its upper
boundary.

Unit 1

Unit 1, bounded by the basement and D1, is present only in
the west—southwest part of the seismic grid. The thickest
deposits (up to 100 ms TWT) of this unit are found
immediately northwest of the basement fault and gradually
diminish eastwards and northwards (Fig. 4). The internal
configuration of the unit is characterized by wavy to
hummocky, parallel to sub-parallel strata and locally by a
more chaotic facies (Figs. 4 and 6). Unit 1 deposits
generally drape over the irregular basement surface. Faults
dipping to the northwest are observed throughout, while
close to the basement fault there are many small vertical
faults displaying offsets in the order of 1-2 ms TWT

(Fig. 6).
Unit 2

Unit 2 is deposited in between discontinuities D1 and D2 in
the western part of the seismic grid, except for a small
sector northwest of the basement fault where the unit is
topped by D3 (Fig. 5). In the east, the unit is deposited
between the basement and D2 (Fig. 5). Unit 2 has its

Isopachyte map showing the thickness (in ms TWT) of the
sedimentary cover, with evidence of the steep basement fault (dashed
line)

thickest deposits in the northeast. Generally, an increase in
thickness occurs from the southwest (+50 ms TWT) to the
northeast (>100 ms).

Unit 2 is the acoustically most transparent unit of the
sedimentary succession and shows two different seismic
facies. Facies 1 displays semi-parallel, wavy and continu-
ous reflectors, locally interrupted by cut-and-fill structures
(on average 25 ms TWT thick). These incisions display
southeast-dipping, onlapping infill and are observed 1.5 to
4 km to the northwest of the basement fault (Figs. 5 and 6).
The profile in Fig. 4 shows seven of these cut-and-fill
structures. In some profiles (e.g. Fig. 5), moats (at most
20 ms TWT deep) can be distinguished close to the
basement fault. Facies 2 has a chaotic configuration with
lenticular, discontinuous and hummocky strata (Fig. 5).

In profiles across the steep basement fault, facies 1 is
generally encountered immediately to the southeast. Facies
2 occurs about 2-3 km to the northwest of facies 1, with a
gradual transition between the two. In some areas,
especially close to the basement fault, there are numerous
small vertical faults with offsets in the order of 1-2 ms
TWT, similar to those in unit 1.

Unit 3
This unit is deposited on top of the erosional discontinuity

D2, which shows incisions up to 150 ms TWT, and is
overlain by discontinuity D3. Unit 3 fills several of these
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Fig. 4 Profile parallel to and
immediately north of the base-
ment fault, showing the acoustic
basement, four depositional
units and three discontinuities
(for profile location, see

Fig. 1b). Facies 1 is present in
unit 2. Discontinuity D2 cuts
deeply into unit 2, creating a
channel filled by onlapping
deposits of unit 3. Unit 3 (except
for the channel infill) and unit 4
show parallel reflectors. A thin
layer of surface sediment covers
the top of unit 4 (dashed lines).
Numbers / to 7 denote the
subunits of unit 2

multiple

basement

erosional features, including (1) a large incision in the
eastern part of the seismic grid with depths of approx.
150 ms TWT (Fig. 4), (2) an amphitheatre-shaped
depression in the west (about 140 ms deep), (3) a large
channel (on average 50 ms deep) parallel to the basement
fault (Fig. 6)—although in some places the channel is
infilled with seismic unit 4 (e.g. Fig. 5)—and (4) small 20—
30 ms deep irregular incisions in the north of the study area
(Figs. 5 and 6). The thickness of this unit typically ranges
between 20 and 75 ms TWT, whereas within these erosional
features it is up to 150 ms.

Unit 3 displays a marked increase in amplitude compared
to the underlying unit 2. This unit fills the aforementioned

@ Springer

erosional features and drapes the older deposits outside of
these. The sedimentary drape is composed of six subunits
distinguished by alternating reflector packages having high
and low amplitudes (Figs. 4, 5 and 6). The subunits have a
sigmoidal geometry in the Sant Jordi Channel along the
basement fault (Fig. 7). In the infill section, dipping and
onlapping reflectors are observed which level out towards
the sedimentary drape. The onlap always occurs on the
south-western or south-eastern margin of the incision (Figs. 4,
5 and 6). In several NW—SE-oriented profiles, two channels
can be seen to have been cut into the sedimentary drape of
this unit. The internal reflectors of the deposits display onlap
terminations towards the south-eastemn edges (Fig. 6).
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Fig. 5 Profile perpendicular to 150
the basement fault, showing
three (of the four) sedimentary
units (for profile location, see
Fig. 1b). Unit 1 is missing along
this profile and the sedimentary 250
sequence above the acoustic

basement thus commences with

unit 2. Close to the fault (F, 300
dashed line), small moats are
observed in this unit. Unit 3
displays parallel and prograding
reflectors, filling a small channel
in the north-western part of the 400 |
profile. Unit 4 shows aggrada- 7
tion with evidence of reflectors

TWT (ms)

dipping steeply towards the Sant 450
Jordi Channel
500
550
150
SE
Sant Jordi Channel
200

250

300

350

TWT (ms)

400
450

so0 | multiple %,

550

basement

Unit 4

The base of unit 4 (D3) increases in depth from the northeast
(about 200 ms TWT below the sea surface) to the southwest
(about 400 ms below the sea surface). Two distinct features are
recognized: an amphitheatre-shaped depression in the west,
up to 100 ms TWT deep, and a large channel along the
basement fault, which is up to 60 ms deep and dips about 5°
seawards (Figs. 5 and 6). The thickness of the unit varies
between 10 and 110 ms TWT, the thickest deposits being
found in the large channel (Fig. 5).

The reflectors of unit 4 show the highest amplitudes of
the entire sedimentary series. In general, this unit displays
parallel reflectors, onlapping onto a shallowing D3 in the
northeast (Fig. 4). Here, ten subunits with reflector pack-

ages characterized by an alternation of high and low
amplitudes are observed (Figs. 4, 5 and 6). The difference
in amplitude between the reflector packages appears to be
greater in unit 4 than in unit 3. Like unit 3, the subunits
display a sigmoidal geometry along the basement fault,
with progradation and downlap in the west and, in some
parts, toplap above (Fig. 7). Most of these sigmoid-shaped
subunits have a characteristic seismic facies expression,
displaying a stronger outer reflector and an almost
acoustically transparent core (Fig. 7).

In the northern part of the seismic grid are three
channels, which display a prograding infill (Fig. 6). The
largest channel, which cuts into D3, is filled by steeply
dipping reflectors of unit 4 (Fig. 5). This infill is not
recognized on all NW-SE-oriented profiles. In the eastern
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Fig. 6 Profile perpendicular to
the basement fault (F, dashed
line) showing the four units and
three internal discontinuities (for
profile location, see Fig. 1b).
Unit 1 shows evidence of small
vertical faults, as well as larger
inclined faults. Unit 3 displays
progradational infill of small
cut-and-fill structures in the
northwest and steeply dipping
layers close to the basement
fault in the southeast. Unit 4 is
characterized by parallel, hori-
zontally aggrading layers with a
pronounced cyclicity of alter-
nating high- and low-amplitude
reflector packages. A selection
of these cyclical subunits is 700

indicated by the numbers / to
10. The encircled cross denotes
inferred current direction

subunits

basement

650 m

SE
D3 Sant Jordi Channel|
| N
o————
300 t ® —_—

-

multiple

part, the deposits are truncated by the Sant Jordi Channel
(Figs. 3 and 6).

Discussion and conclusions

According to Pomar (1991), Hiissner et al. (2001) and Just
et al. (2011), the observed basement in the vicinity of the
study area is part of the Miocene Llucmajor reef platform
and, more precisely, its open platform and slope facies.
These facies consist of calcic siltstones, calcarenites and
biostromes. Following post-Miocene flooding of the
Mediterranean Sea and drowning of the reef complex,
the Mallorca shelf and outer shelf became covered with a
variably thick sedimentary succession.

Sedimentary processes

Based on the classifications of Faugeéres et al. (1999) and
Rebesco et al. (2005), as well as accounting for existing
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knowledge on the oceanographic setting and regional
bathymetry, the deposits along the south-western shelf of
Mallorca can be interpreted as elongate-mounded, shallow-
water contourite drifts. Their morphology is distinctly
mounded and elongate in shape, whereas their internal
configuration displays short discontinuous to chaotic
reflectors, horizontal and low-inclination reflectors, and
sigmoidal progradational reflectors. Moreover, there is a
large variety of erosional features, including small cut-and-
fill structures, larger drift-marginal moats and widespread
discontinuities (Fig. 6). Erosional features are common to
many contourite systems (Hernandez-Molina et al. 2008),
such as those observed in the Weddell Sea, Antarctica
(Maldonado et al. 2005) and in the Gulf of Cadiz (Garcia et
al. 2009; Marches et al. 2010). Chaotic and discontinuous
reflectors associated with moats in the present study (Fig. 5)
have been observed in similar deposits in the Le Danois
drift in the Bay of Biscay (Van Rooij et al. 2010), and the
Florida drift (Faugéres et al. 1999). The complete system of
drifts and erosional features on the Mallorca shelf is here
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Fig. 7 a Profile along the Sant
Jordi Channel parallel and im-

mediately north of the basement 150
fault (cf. Figs. 1 and 3). The
interpreted profile is shown in
the lower panel: black lines
basement and sedimentary cov-
er, red lines discontinuities, blue 250
line note higher position of the
basement to the south of the so-
called basement fault. Unit 1 of
the sedimentary cover is strong-
ly faulted. The subunits of units
3 and 4 display sigmoidal
shapes. b Correlation between
subunits (black numbers) and 400
marine isotopic stages (MISs,
red numbers) for the profile
(MIS curve extracted from
Lisiecki and Raymo 2005; MPR
mid-Pleistocene revolution, 500
UPR upper Pliocene revolution)

200

300

TWT (ms)

350

450

150

TWT (ms)

basement

referred to as the Mallorca shallow-water contourite
depositional system (CDS).

In contrast to most deep-water contourite systems, the
Mallorca CDS has not developed parallel to a margin but is
aligned more or less perpendicular to it, generally parallel
to the steep basement fault. It is here inferred that the
current responsible for creating these deposits was deflected
by the prominent fault-generated seafloor relief, being
diverted towards the SW and aligning the contourite
deposits in that direction. Indeed, the interaction of bottom
currents with seafloor relief is known to be a common

mechanism in the generation of contourite drifts (e.g.
Cacchione et al. 1988; Faugeres et al. 1999).

The onlapping infill on the south-eastern flank of the
channels in units 3 and 4 (Figs. 5 and 6) suggests a
sediment-loaded, bottom-hugging current flowing from the
north and depositing sediments in the channels. This means
that the present-day current pattern may have existed
already during the deposition of these upper two units and
may not have changed substantially since then. Inferring
the current path or direction from the lower two units is
more difficult because less current-related features are

@_ Springer
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observed. However, the presence of buried moats along the
basement fault and small cut-and-fill structures in unit 2
suggests a very similar current pattern as proposed for the
overlying two units. This implies that essentially the same
current pattern may have persisted during the deposition of
the entire sedimentary series.

Here, it is proposed that the Mallorca shallow-water
CDS was deposited under the influence of a southward-
flowing, bottom-hugging current. Within the present-day
Mallorca Channel, there is an exchange between
northward-flowing surface waters of Atlantic origin and
southward-flowing, more saline waters derived from the
Balearic Current (Pinot et al. 2002; Monserrat et al. 2008;
Bardaji et al. 2009). Hence, the southward-flowing offshoot
of the Balearic Current is most probably responsible for
shaping the contourite deposits because (1) the direction of
the current agrees with the observed current-related features
and (2) the Balearic Current is more saline, which makes it
more likely to flow along the bottom of the Mallorca
Channel, beneath the northward-moving Atlantic waters.
Current velocities for this area are available only from
modelling using the MIT (Massachusetts Institute of
Technology) general circulation model (Marshall et al.
1997). The modelling results indicate bottom currents
reaching 10 cm/s in this region (Hernandez-Molina et al.
2011, this volume).

Within the Sant Jordi Channel, which traces the
basement fault, there are marked basinward-dipping, pro-
gradational reflectors which show a sigmoidal geometry in
the upper two units (Fig. 7). In general, these reflect a
down-channel flow direction. It is proposed that the Sant
Jordi Channel originated as a result of a stronger palaeo-
Balearic Current deflected by the steep fault escarpment.
Due to both the deflection and the steep seafloor relief, the
current would have been intensified, leading to marked
erosion and development of the contourite channel. A
stronger current during the deposition of the upper two
units is in accordance with the observation of higher-
amplitude reflectors resulting from coarser-grained depos-
its. Episodic slope failure along the steep slopes (5°) of the
Sant Jordi Channel is also evident in some of the sigmoidal
subunits. The destabilization of sediment on steeper slopes
has already been reported for the region by Acosta et al.
(2002).

Stratigraphic evolution

Due to lack of local core and drilling data, no detailed
chronostratigraphy can be established beyond that
proposed by Stanley et al. (1976), who inferred the
presence of Pliocene and Quaternary sedimentary series
on top of a Miocene reef. This would imply that the
shallow-water CDS is post-Miocene in age. Nevertheless,
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a tentative correlation is made here with the general
stratigraphy proposed by Hernandez-Molina et al. (2002)
for Pliocene and Quaternary shelf sequences off the
southern Iberian Peninsula, based on seismic profiles
from the Alboran Sea and Gulf of Cadiz. In general, the
shelf sequences have been subdivided into four major
depositional units (1 to 4) separated by three major
discontinuities: the lower Pliocene revolution (LPR,
4.2 Ma), the upper Pliocene revolution (UPR, 2.4 Ma)
and the mid-Pleistocene revolution (MPR, 0.9 Ma). Note
that the upper Pliocene revolution is now more correctly
referred to as the base Quaternary discontinuity, since
recalibration sets the base of the Quaternary at 2.58 Ma
(Gibbard et al. 2010). Reference to the UPR is retained in
the present study to avoid confusion with Hernandez-
Molina et al. (2002).

In the present dataset, a similar seismic stratigraphic
framework can be discerned as that documented for the
Alboran Sea and Gulf of Cadiz: four units subdivided by
three major discontinuities. Furthermore, transparent
seismic facies of Pliocene age, covered by deposits
containing reflectors of higher amplitudes, have been
observed throughout the Mediterranean and North
Atlantic (Curzi et al. 1985; Alonso and Ercilla 2003).
These arguments suggest that the two lower units (1 and
2), which contain reflectors of lower amplitudes (Figs. 4,
5 and 6), can be attributed a mainly Pliocene age,
assuming that D2 correlates with the UPR and D1 with
the LPR. Hence, the upper two units (3 and 4), which
contain reflectors of higher amplitudes (Figs. 4, 5, 6 and
7), would be mainly Pleistocene in age, which in turn
implies that D3 may be correlated to the MPR. The three
discontinuities (D1, D2 and D3) bounding the four units
may in each case indicate a major change in oceano-
graphic conditions, involving changes in either sediment
supply, sea level and/or current intensity. Similar obser-
vations have been made by Verdicchio and Trincardi
(2008a) in shallow-water contourites from the Adriatic
margin.

The probable erosional nature of discontinuity D1 cannot
be determined solely by means of seismic data, notably
because this surface is heavily faulted (Fig. 7). Discontinu-
ity D1 is tentatively correlated with the LPR, being
associated with a sea-level fall of about 50 m (Haq et al.
1987; Alonso and Maldonado 1992). Discontinuity D2 is
clearly an erosional boundary (evidenced by the large
incisions in unit 2) and can be associated with the UPR and
a sea-level fall of about 50 m in the Late Pliocene. Since
about 2.4 Ma, the onset of northern hemispheric glaciations
and the establishment of the present-day oceanic circulation
caused glacio-eustatic variations in sea level in the order of
50 m (Lowrie 1986; Haq et al. 1987). The erosional
boundary D3 can be associated with the MPR, which has
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been linked to a major change in climate: glacial cycles
have shifted from 41-ka cycles (obliquity) to longer,
eccentricity-controlled 100-ka cycles (Shackleton et al.
1990; Paillard 1998). This change in climatic trend is
consistent with the high amplitudes of the reflectors and the
large number of cyclical alternations observed in the upper
unit (Figs. 6 and 7).

Compared to deep-water environments, continental
shelves are more effectively and more repeatedly influenced
by eustatic variations (Hernandez-Molina et al. 2002;
Verdicchio and Trincardi 2008b; Ridente et al. 2009).
Shallow-water (or even subaerial) erosion and a large
decrease in accommodation space can occur after sea-
level falls. In turn, these factors can substantially influence
bottom current regimes, in terms of both intensity and
pathway. Indeed, Verdicchio and Trincardi (2008a) state that
short-distance changes in the morphology of contourite
systems may be caused by rapid changes in the current
regime, controlled by climatic oscillations and shorter-term
(seasonal) fluctuations in, for example, sediment availabil-
ity or current strength.

The upper two units, plausibly of post-LPR age, display
several features which can be attributed to climatic
variations. Firstly, short-distance changes in morphology
have been observed over a distance of only 10 km,
including small channels, moats, continuous sub-
horizontal parallel layers and steeply dipping layers
(Fig. 6). Secondly, a cyclical pattern of subunits containing
higher- and lower-amplitude reflector packages character-
izes these upper two units (Figs. 4, 5 and 6). Thirdly,
progradational sigmoidal subunits have been identified in a
channel system along the basement fault (Fig. 7). Along the
western Adriatic margin, such depositional changes have
been linked to specific marine isotopic stages (MISs) and,
thus, climatic variations (Ridente et al. 2009).

The subunits in units 3 and 4 are here tentatively
correlated with interglacial periods and, hence, high sea-
level stands (odd MISs; Fig. 7, MIS data extracted from
Lisiecki and Raymo 2005). This may seem to not
accommodate MIS 17, as it is characterized by two
smaller sea-level rises separated by a minor fall. However,
this may indeed be expressed in the sigmoidal subunits 2
and 3. Subunit 3 (which is thinner than the surrounding
sigmoidal subunits) can be correlated to the youngest
interglacial of this MIS (Fig. 7). The ten cyclical subunits
outside the channel system can be correlated to MISs as
well (Figs. 6 and 8). A similar approach can be attempted
for the subunits of unit 3, although this is far more
speculative than for the overlying unit. The sigmoidal
subunits are less clearly expressed, the difference in
amplitude between the subunits is smaller, a longer time
span (2.4-0.9 Ma) is covered by a thinner unit (35 ms
TWT, rather than 75 ms TWT for unit 4), and the

variations in 8'%0 values are smaller during this period.
In this case, therefore, the six subunits have been
correlated to the largest increases in 5'%0 values (Fig. 7).
A summary of the subunits of units 3 and 4, their
associated MISs and their approximate ages is presented
in Fig. 8.

In conclusion, the existence of a shallow-water
contourite depositional system on the south-western
Mallorca shelf sheds new light on factors controlling
the localization and organization of shallow-water CDSs.
These can be created by the interaction between surface
currents and topographic features in conjunction with
eustatic sea-level variations. To describe the CDS of the
south-western Mallorca shelf in greater detail, an expan-
sion of the existing seismic grid and the collection of
cores would be required.

& | units |Subunits [ mis [F500
(appr.)
top sediment 1 0
10 3 50
9 5 125
8 7 220
2 ) 7 9 | 325
g unit 4 6 11 | 400
@ 5 13 | 490
4 15 | 620
3-2 17 700
1 19 790
D3: mid-Pleistocene revolution
6’ 31 | 1070
5 37 | 1240
2
S X 4 49 | 1470
@ |unit3
g 3 55 | 1600
N & 77 | 2020
1 81 | 2150
D2: upper Pliocene revolution
<
Q2 | unit2
<

D1: lower Pliocene revolution

5.3-4.2]
Ma

base: reef

Fig. 8 Summary of sedimentary units, subunits and discontinuities on
the shelf and shelf edge off south-western Mallorca, showing
interpreted associations of the subunits with marine isotopic stages
(MISs), together with their estimated ages (ka B.P.; latter data extracted
from Hernandez-Molina et al. 2002 and Lisiecki and Raymo 2005)
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